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Abstract 
Diarylethenes (DAE) are a class of photochromic molecular switches that convert 
between two structural isomers upon excitation with light.  A great deal of research has been 
dedicated to elucidating the mechanisms of the reversible electrocyclic reactions to make optical 
memory devices with DAE compounds, but details of the fundamental reaction mechanism after 
one- or two-photons of light is still lacking.  The primary DAE discussed in this dissertation is 
1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (DMPT-PFCP), which is a 
model compound for studying the fundamental reaction dynamics using one- and two-photon 
excitation experiments.  Pump-probe spectroscopy was used to study the low one-photon 
quantum yield cycloreversion reaction of DMPT-PFCP by changing the excitation wavelength, 
solvent, and temperature to describe the dynamics on the ground- and excited states.  However, 
the primary goal of this work was to use sequential two-photon excitation with fs laser pulses to 
map out the cycloreversion reaction dynamics for DMPT-PFCP compound on the first and 
higher excited states.   
The cycloreversion quantum yield was selectively increased using sequential two-photon 
excitation, where after promotion to the S1 state, a second excitation pulse promotes the 
molecules to an even higher excited state.  The mechanism of increasing the yield by promoting 
the molecules to a higher excited state was explored using pump-repump-probe (PReP) 
spectroscopy.  The PReP experiments follow the excited-state dynamics as the molecules sample 
different regions of the S1 potential energy surface.  The projection of the S1 dynamics onto the 
higher excited states showed that by changing the secondary excitation wavelength and the delay 
between excitation pulses, the cycloreversion quantum yield was selectively controlled.  Future 
studies to obtain the specific modes involved in the ring-opening reaction coordinate on the 
excited-state would further improve our knowledge of the cycloreversion reaction and therefore 
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improve the efficiency of the sequential two-photon excitation process to make very efficient 
optical memory devices using DAE compounds. 
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1. Chapter One: Introduction to Photochromic Molecular Switches 
1.1 Overview of Dissertation 
Diarylethenes have been shown to be promising candidates for optoelectronic 
applications such as erasable optical data storage.1  While many pump-probe (PP) experiments 
have been reported for different diarylethene (DAE) derivatives, we report here some key 
mechanistic details of the cycloreversion reaction by using pump-repump-probe (PReP) 
spectroscopy.  The majority of this dissertation will focus on the reaction dynamics of the 
cycloreversion reaction for 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(DMPT-PFCP) using one-photon and sequential two-photon excitation.  DMPT-PFCP is a great 
model system for studying the one- and two-photon dynamics, and the concepts learned with 
DMPT-PFCP can be applied to other DAE compounds to construct efficient write-read-erase 
data storage devices. 
Our PP experiments address some of the key details missing in understanding the one-
photon cycloreversion reaction.  We have explored how changing the excitation wavelength 
across the visible absorption band and the second-lowest absorption band affects the 
cycloreversion rates and the quantum yield.  We used short-duration UV and visible pulses to 
observe new ultrafast dynamics and to explore changes in the cycloreversion reaction when 
directly exciting to higher excited states.  Temperature and solvent effects facilitate in describing 
the reaction dynamics on the ground- and excited-state surfaces.  We demonstrated how the 
cycloreversion yield can be controlled using sequential two-photon excitation by changing the 
secondary excitation wavelength or delay.  These novel results are essential for understanding 
how the higher excited states contribute to the cycloreversion reaction mechanism and how 
improvements can be made for applications in optoelectronic devices.   
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1.2 Motivation for Diarylethene Photochromic Molecular Switches 
Photochromic molecular switches, or photoswitches, reversibly convert between two 
isomers (an open-ring and a closed-ring isomer) upon absorption of light.  The 
photoisomerization of these molecules can be utilized in many optoelectronic applications such 
as switches and memory devices because the isomeric state of the molecule is easily controlled 
by irradiating with UV or visible light.1,2  The ideal photoswitch should be thermally stable and 
fatigue resistant for applications in optoelectronic devices.  Fatigue resistance, or photostability, 
is the ability of the photoswitch to reversibly convert between the two isomers several times 
without decomposition or the formation of byproducts.  There are several classes of 
photochromic molecular switches including diarylethenes (DAE), fulgides, and spiropyrans.  
DAE derivatives tend to be very photochemically stable because they have a very low quantum 
yield to form unwanted byproducts, meaning that the photoisomerization reaction can cycle 
between the two isomers many times without degradation.  Even though fulgides are just as 
thermally stable as DAE (unlike spiropyrans), fulgides are limited to less than 100 cycles 
whereas DAE can undergo up to ~104 cycles in favorable cases.1,3 
DAE molecules are promising materials for optical data storage because experiments 
have shown high recording sensitivity, fast data transfer, and large readout repeatability.1  For 
most DAE molecules, the open-ring isomer undergoes the photoinduced cyclization reaction 
(ring-closing) in very high quantum yield while the closed-ring isomer undergoes the 
photoinduced cycloreversion reaction (ring-opening) in very low quantum yield.  The high 
cyclization quantum yield with the low cycloreversion quantum yield makes them ideal systems 
for optical data storage to record and reproduce information, respectively.1  Using DAE 
molecules as the recording medium, UV light is used to initiate the ring-closing reaction to 
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“write” data efficiently while visible light is used to non-destructively “read” data because of the 
low ring-opening quantum yield.  However, to make erasable data storage devices using DAE 
molecules, Irie and co-workers propose sequential two-photon excitation as a method to 
effectively enhance the cycloreversion yield, allowing for write-read-erase capability.4-9  
Sequential two-photon excitation is a resonant two-photon process where the first photon (hν1) 
excites the ground-state (S0) molecules to the first excited state (S1), and a second photon (hν2) 
promotes the molecules on S1 to a higher excited state (SN).  The sequential two-photon 
excitation mechanism is shown in equation 1-1. 
 
S0
hν1
→ S1
hν2
→ SN 
(1-1) 
Sequential two-photon excitation of 1,2-bis(2,4-dimethyl-5-phenyl-3-
thienyl)perfluorocyclopentene (DMPT-PFCP), the compound shown in Figure 1-1, is the 
foundation of the research in this dissertation, which describes the role of the excited states in the 
cycloreversion reaction. 
The open-ring isomer of DMPT-PFCP has an absorption band in the UV at 280 nm.  The 
closed-ring isomer has a UV band at 375 nm and a broad band in the visible, both of which are 
energetically separated from the open-ring isomer’s absorption band.  For DMPT-PFCP, the 
quantum yield for cycloreversion is ~2%,10,11 whereas the yield for cyclization is 46% in 
solution.12  Cyclization yield is limited by roughly equal populations of reactive and non-reactive 
conformers.1 
1.3 Woodward-Hoffmann Rules for Electrocyclic Reactions 
Robert Woodward and Roald Hoffmann developed a set of rules based on conservation 
of orbital symmetry that explains electrocyclic mechanisms by predicting electronic barrier  
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Figure 1-1: UV-Vis absorption spectra of the open- and closed-ring isomers of DMPT-PFCP  
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heights.13  The p-orbitals at the ends of the π-conjugated system of a polyene must rotate in a 
concerted fashion in order to overlap and form the σ bond of the closed-ring isomer.  At the 
termini of the open chain conjugated polyenes, the symmetry of the highest occupied molecular 
orbitals (HOMO) for a system of 4n π-electrons will preferentially undergo a conrotatory process 
on the ground state where the p-orbitals both rotate clock-wise or counter clock-wise.  A system 
containing 4n+2 π-electrons preferentially undergoes a disrotatory process on the ground state 
where one p-orbital rotates clock-wise and the other rotates counter clock-wise to form a σ bond.  
Promoting an electron to the excited state will reverse the terminal symmetry relationships, e.g., 
a molecule that undergoes a conrotatory process on the ground state will undergo a disrotatory 
process on the excited state.14   
The orbital symmetry for the electrocyclic reactions of 1,3,5-hexatriene follows the rule 
for 4n+2 π-electrons and therefore prefers a thermal disrotatory process on the ground state and 
conrotatory process on the excited state.15  A steric barrier can be created to block the thermal 
disrotatory process from occurring on the ground state by attaching methyl groups to the 1 and 6 
positions on hexatriene.  With the disrotatory process blocked on the ground state, the only 
favorable electrocyclic reaction is the conrotatory process in the excited state, according to the 
Woodward-Hoffmann rules.  The conrotatory rotation will avoid any steric hindrance between 
the two methyl groups.16  The underlying framework of DAE molecules is 1,3,5-hexatriene, and 
the addition of the methyls to DAE molecules is to prevent the thermal disrotatory reaction from 
occurring so that the reaction only occurs photochemically for their uses in optoelectronic 
devices.  The photochemical reaction will follow a conrotatory process on the excited state.17   
The addition of the methyl groups to prevent the disrotatory reaction on the ground state 
for photochemical control of the electrocyclic reactions is just one example of how DAE 
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compounds have been chemically engineered over the years to make for optimal materials for 
optoelectronic devices.  Understanding how the structure affects the physical properties of DAE 
is important for designing ideal photoswitches for the desired application.  The physical 
properties determined by the structure are directly related to the potential energy surfaces (PES).  
Understanding how the structure changes the ground and excited PES will allow for better 
optical control of the electrocyclic reactions. 
1.4 Structure and Physical Properties of Diarylethene Derivatives 
Stilbene is an example of a DAE, which connects two phenyl groups together by a C=C 
double bond.  In the cis conformation, stilbene can form a bond between the two phenyl groups 
creating the closed-ring isomer (dihydrophenanthrene), but the closed-ring isomer is thermally 
unstable and readily converts back to the open-ring isomer (cis-stilbene).1  Kellogg et al. showed 
that the lifetime of the closed-ring isomer of stilbene is prolonged by replacing the phenyl 
substituents with thienyl groups.18    Figure 1-2 illustrates that the ground-state of the closed-ring 
isomer of a DAE compound is stabilized when the phenyl groups are replaced with thienyl 
groups.17  The closed-ring isomer with thienyl groups now has an even larger cycloreversion 
reaction barrier thermally separating the two isomers.  Based on Kellogg’s results, Irie 
synthesized and studied the physical properties of a wide variety of thermally stable DAE 
molecules that incorporate thienyl groups for applications in data storage.1,19 
Dithienylethenes (DTE) can have the thienyl groups attached to the ethene bridge via the 
3 position, which is called normal type, or at the 2 position, which is called inverse type, shown 
in Figure 1-3.20,21  There are dramatic differences in the cycloreversion reaction between the two 
types.  For the normal type compounds, e.g. DMPT-PFCP, the cycloreversion quantum yield is 
less than a few percent, whereas the inverse type has a cycloreversion quantum yield that is 10- 
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Figure 1-2: Ground state energy surface of a dithienylethene (blue) and a diphenylethene (red) 
illustrating that the barrier of the closed-ring isomer is affected by the aromaticity of the aryl 
groups on the DAE.  Heterocyclic aryl groups lower the energy of the closed state to make the 
closed-ring isomer thermally stable.  Figure created based on ref 18.  
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Figure 1-3:  Normal type has the ethene bridge attached to the 3, 3’ positions of the thiophene 
group and the inverse type has the ethene bridge attached to the 2, 2’.   
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fold larger.  The dramatic change in the quantum yield between the two types has been explained 
using computational chemistry to examine the first excited state surface, which is where the 
cycloreversion reaction typically occurs.  For normal type DTE, there is a small activated barrier 
on the first excited state that is due to the C-C bond stretching process in the ring-opening 
reaction.22,23  For the inverse type DTE, there is no barrier on the first excited state for the ring-
opening reaction.20,21 These results suggest a correlation between the cycloreversion quantum 
yield and the existence of a barrier on S1.
24 
A limitation of the simple C=C double bond bridge between the aryl groups, like in 
stilbene, is that the cis-trans isomerization can also occur upon photoexcitation.  Replacing the 
ethylene bridge with a cycloalkene bridge disrupts the cis-trans isomerization around the C=C 
double bond so that the only possible photoisomerization reactions are the ring-opening and 
closing.25  Unfortunately, the cycloalkene bridge does not prevent the existence of another non-
reactive conformation, which exists in the open-ring form.26  The non-reactive conformer has a 
geometry where the two-aryl groups are oriented parallel to each other, which prevents the ring 
from closing.  This non-reactive conformer reduces the quantum yield of the cyclization reaction 
in solution, but in the crystalline phase, the open-ring isomers are fixed in the conformation that 
will undergo the cyclization reaction.27 
Another advantage of the cycloalkene bridge, rather than ethane, is that further spectral 
separation can be achieved between the absorption bands of the two isomers.  Fluorinating the 
cycloalkene ring red-shifts the absorption band of the closed-ring isomer because the lowest 
unoccupied molecular orbital (LUMO) is stabilized by the high electron affinity of the 
fluorines.28,29  Fluorinating the cycloalkene bridge also increases the photochemical and thermal 
stability compared to the hydrogenated cycloalkene bridge.30  Decreasing the ring size of the 
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cycloalkene bridge also causes a red-shift, which is due to an increase in planarity of the 
molecule and therefore increase in conjugation.31  Interestingly, the loss in planarity due to 
increasing the ring size of the cycloalkene group  increases the cyclization quantum yield.1  The 
choice of using a five-membered cycloalkene ring is based on maximizing the cyclization 
quantum yield and having the largest separation between the two isomers’ absorption bands.1  
1.5 The Cycloreversion Reaction of 1,3-Cyclohexadiene 
The mechanism of the cycloreversion process for 1,3-cyclohexadiene has been well 
established from many experimental and computational studies, and can be used to describe the 
ring-opening reaction of DAE.32-42  To summarize the results, one-photon excitation promotes 
the 1,3-cyclohexadiene molecules from the 1A (ππ) ground state to the 1B (ππ*) excited state, 
which has a large oscillator strength compared to the 2A (π*π*) excited state.43  The symmetry 
labels reflect the C2 symmetry that describes 1,3-cyclohexadiene.  Within 140 fs, the 1,3-
cyclohexadiene molecules move from the Franck-Condon region through an avoided crossing to 
the 2A state, and then through a conical intersection (CI) where 40% convert to 1,3,5-hexatriene 
and the rest return to the initial reactant form on the 1A ground state.32,43 
1.6 Computational Studies for Diarylethenes 
Computational studies to determine the potential energy surfaces (PES) and reaction 
dynamics of DAE compounds are important to confirm the interpretation of experimental results.  
There is an immense amount of computational work on DAE derivatives, mainly to describe the 
electrocyclic reactions on the first excited state,16,17,20,23,38,44-46 but higher excited states have also 
been calculated.28,47,48  The two main computational works that are referenced the most in this 
dissertation are briefly described in the next two paragraphs. 
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Boggio-Pasqua and co-workers23 used complete active space self-consistent field 
(CASSCF) theory to study the topology of the PES for the first excited state of four DAE 
molecules.  1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene is one of the four DAE 
systems studied,23  which is almost identical to our photoswitch, DMPT-PFCP, except for the 
missing methyl groups in the 4 position of the thiophene rings.  The dynamics of the 
cycloreversion reaction were determined using a molecular mechanics-valance bond (MMVB) 
method for a model hydrocarbon version of dithienylethene.  Understanding the dynamics of the 
molecules moving along the PES is necessary to explain how the CI is accessible in the 
cycloreversion reaction for DAE derivatives.  The study showed that the S1/S0 crossing forms a 
seam that is parallel to the C-C bond stretching reaction coordinate, but is not accessible to the 
closed-ring molecules until they move over an activated barrier.23  Boggio-Pasqua et al. showed 
that the cycloreversion reaction requires an additional orthogonal asymmetric torsional motion in 
order for the DAE molecules to reach the conical seam.23   
A computational study on the higher excited states by Guillaumont and co-workers47 used 
CASSCF to calculate stationary points on the hypersurfaces of the ground and first through third 
singlet excited states for dithienylethene.  An important result is that the height of the C-C bond 
stretching barrier decreases with increasing electronic state.47  Guillaumont and co-workers47  
also used time-dependent density functional theory (TD-DFT) calculations to show that one-
photon excitation directly to these higher excited states is improbable because the higher excited 
states have very low oscillator strengths.  Secondary excitation to promote the molecules on S1 to 
these higher excited states was proposed to increase the product yield because the higher 
electronic states have smaller energy barriers compared to S1.
47  However, a contradicting result 
using TD-DFT to calculate the second excited state, which corresponds to the HOMO to 
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LUMO+1 electronic transition, showed a larger activated barrier than the first excited state 
suggesting that the higher excited states have larger energy barriers and would suppress  
photoswitching from those states.48  However, TD-DFT does not accurately treat doubly excited 
states (π*π*),49,50 and the discrepancy between the two computational results on the higher 
excited states may reflect differences in the level of theory as well as general differences in the 
compounds studied. 
1.7 Experimental Studies of the Cycloreversion Reaction for Diarylethenes 
The transient absorption spectra of DAE molecules after visible excitation show excited-
state absorption (ESA) bands in the UV to the near-IR region with a ground-state bleach (GSB) 
band in between the ESA bands.  The excited state lifetimes depend on the actual DAE molecule, 
but the time constants often range from ~1-25 ps in solution.  The number of time constants and 
the assignment of a physical process to the time constants seem to vary among the literature, 
even for the same DAE compound.4,51  Research from the Kryschi52,53 and Irie4 groups have 
reported DAE systems where both the ESA and the GSB decay with the same two time constants 
where the faster time component, usually 1-3 ps, is attributed to the ring-opening process on the 
S1 surface and the slower time component (8-22 ps) is assigned to vibrational cooling on the 
ground-state.  The vibrational cooling on the ground state is supported by results from another 
photoswitch, a fulgide, which will be discussed below.  There are other instances when only one 
ESA time component is recovered, e.g. DMPT-PFCP was shown to only have a ~7.5 ps time 
constant for the decay of the excited state.4   
Other DAE systems have been reported as having two time components that describe the 
dynamics on the excited state.  Ern and coworkers54  reported the ESA of a DTE compound that 
decays with ~1 and ~13 ps time constants, while the bleach recovers only with a ~13 ps time 
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constant.  The ~1 ps component is attributed to vibrational relaxation on S1 followed by a ~13 ps 
decay to the ground state.54  Chapter three of this thesis reports that DMPT-PFCP (the same 
compound previously reported to have only a single ~7.5 ps time constant4) has two time 
constants in the excited state where a ~3 ps time component is the evolution over an excited-state 
barrier and a ~9 ps time component the excited state lifetime.51 Similarly, a benzothienyl-DAE 
derivative (same compound in chapter 7), which is similar in structure to DMPT-PFCP, was 
reported to have two time constants of ~4 and ~22 ps in the ESA decay.7,55,56    
To determine if there are two dynamical components on the excited state or a single 
relaxation followed by a vibrational cooling on the ground state, time-resolved fluorescence is a 
technique that probes only the dynamics on the excited state. Time-resolved fluorescence 
measurements on benzothienyl-DAE revealed two time constants (~4 and ~22 ps), which 
supports that the dynamics on the excited state can be described by a bi-exponential process.55  
Along with the use of time-resolved fluorescence, using analysis routines, like target analysis,57 
can help separate and assign the two dynamical components, as shown in later chapters of this 
thesis. 
Temperature dependent pump-probe (PP) measurements reveal the reaction mechanisms 
on both the open- and closed-ring isomers of benzothienyl-DAE.22  Ishibashi and co-workers22 
showed that the ring-closing quantum yield is independent of temperature, which suggests a 
barrierless cyclization, while the quantum yield of the ring-opening reaction increases with 
temperature, supporting an activated barrier on S1 as predicted from computational calculations.  
The model applied to explain the temperature-dependent results proposed an energy barrier in 
the C-C bond stretching coordinate, which leads to the CI, in competition with direct relaxation 
to the ground state of the closed-ring isomer.22  The barrier on S1 suppresses the cycloreversion 
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reaction because of the competing non-reactive pathway, thus resulting in the low quantum yield.  
Several mechanistic models have been proposed for the cycloreversion reaction for 
photochromic molecular switches.4,8,22,23,52,54,58-61  The models will be explored thoroughly in 
chapter 6 with a new proposed mechanism to describe the reaction mechanism for DMPT-PFCP.   
Attempts to increase the yield with excess energy either from higher temperatures or 
increasing the pump energy have proven to be minimally effective.11,22  UV excitation to 
promote the molecules to a higher excited state has not been explored extensively in DAE 
derivatives.  Ern and co-workers53,54 reported that UV and visible excitation of a DAE compound 
resulted in similar transient absorption signals and kinetics, but the quantum yields were not 
reported.  Excitation at wavelengths across the visible absorption band show a moderate increase 
in the quantum yield with increasing pump wavelength, but the quantum yield from exciting the 
UV band has not been reported previously.11,19,53 
Even though the one-photon excitation of a closed-ring isomer results in a low 
cycloreversion quantum yield, Irie and co-workers discovered that high-intensity picosecond 
pulses enhance the cycloreversion yield.6  However, only the one-photon quantum yield was 
obtained when using the same high-peak intensity with femtosecond pulses.6  Based on the lack 
of a yield enhancement from the fs-pulses, simultaneous two-photon excitation was ruled out as 
the mechanism for the yield enhancement because a delay between the two photons is required.  
The mechanism responsible for the large cycloreversion yield enhancement is a step-wise two-
photon process where the leading edge of the 15-ps pulse prepares the molecules on the first 
excited state and the trailing edge of the ps-pulse excites the molecules again to a higher excited 
state.6  Similar studies on various DAE derivatives also showed that yield enhancement only 
occurs with ps pulses.4,5,7-9 
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1.7.1 Dynamics of Fulgides 
It is worth mentioning another class of closely related photoswitches called fulgides, 
which have two different aryl groups attached to the 1,3,5-hexatriene motif making them an 
asymmetric photoswitch.  A well-studied fulgide has a maleic anhydride and an indole group 
attached to the 1,3,5-hexatriene motif, which is called an indolylfulgide (Figure 1-4).60,62-67  
Fulgides have been studied extensively for many years for their use as molecular switches.59,60,62-
66,68  Fulgides, like DAE, only convert photochemically between two isomers when irradiating 
with the appropriate excitation wavelength.  The closed-ring isomer absorbs in the visible while 
the open-ring isomer absorbs in the UV.  However, unlike DAE derivatives that have a 
cycloalkene attached to the C=C double bond to prevent cis-trans isomerization, fulgides can 
isomerize in the open-form between Z and E isomers, Figure 1-4.   
A lot of comparisons are made between fulgides and DAE molecules because of the 
similarity in the electrocyclic reactions.  Using time-resolved fluorescence, the ring-opening 
reaction of an indolylfulgide had a reported ~90 fs time constant, which was assigned as the 
movement along the adiabatic PES from the 1B (ππ*) to 2A (π*π*) state, and a 2.4 ps time 
constant attributed to the S1 lifetime.
65,68  A visible pump-IR probe experiment revealed two time 
constants in the GSB recovery, ~3 and ~17 ps, but only one time constant in the ESA decay, ~3 
ps.  The conclusion from both the IR probe and time-resolved fluorescence studies is that the 
lifetime of the excited state is ~3 ps followed by a vibrational cooling of ~17 ps on the ground 
state.60   
Just like DAE compounds, fulgides must also move over an activated barrier along the C-
C bond stretching coordinate, followed by a torsional motion perpendicular to the C-C bond 
stretching reaction coordinate to reach the CI.60  The cycloreversion quantum yield has been   
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Figure 1-4:  Scheme for the Z/E isomerization and the cyclization/cycloreversion reaction of an 
indolylfulgide.  
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shown to increase with temperature, as expected for an activated barrier crossing.62  The 
quantum yield also increases by optically preparing the closed-ring molecules in a vibrationally 
hot ground state by a mechanism called pre-excitation.63,66,69  Briefly, this pre-excitation scheme 
initiates the ring-closing reaction with UV excitation to produce vibrationally hot closed-ring 
isomers, and then a second visible pump pulse promotes the vibrationally hot closed-ring 
molecules to S1.  By preparing vibrationally hot closed-ring molecules on the ground state, the 
molecules will have enough excess energy on the S1 state to overcome the activated barrier 
following re-excition.  Ishibashi and co-workers70 have observed sequential two-photon 
excitation of a fulgide via ps pulses, which increased the yield from 20% to 45%.  However, 
unlike DAE, one-photon excitation to the higher excited states with UV light resulted in four 
times more product than visible excitation.59  This proposed mechanism provides an important 
reference point for our interpretations of the DMPT-PFCP reaction pathway. 
1.8 Dissertation Overview 
The following outline for this dissertation provides a brief description of each chapter. 
Chapter 2 describes the experimental equipment used for the PP and PReP experiments. The 
Ti:sapphire laser system, how we tune our pump and probe pulses, sample delivery, and an 
extensive explanation of the electronic set-up and LabVIEW programs for data collection are all 
described. 
Chapter 3 explains a one-color sequential two-photon excitation experiment used to increase the 
cycloreversion quantum yield, as well as a pump-probe experiment to describe the first excited 
state.51  The PP results indicate two dynamic processes exist on the excited state, followed by a 
long lived cooling component of the ground state.  Comparing our experimental results with 
computational results from the literature, we suggest that the two dynamic processes on the 
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excited state are from the molecules moving over an activated barrier that initiates the ring-
opening reaction, followed by a torsional motion towards the S1/S0 CI.
23  Tuning the delay 
between two successive 500-nm pump pulses resolved a delay in the yield enhancement that 
corresponds to the evolution over the excited-state barrier.  The delay in enhancement 
demonstrates the importance in re-exciting the molecules in the right geometrical structure. 
Chapter 4 describes more details of the one-photon reaction dynamics using visible and UV 
excitation wavelengths with sub-100 fs pulses, as well as using two-color PReP spectroscopy.71  
UV excitation shows a new absorption band that decays on ~100 fs that is not in the transient 
absorption spectrum after visible excitation.  The quantum yields are the same for UV and visible 
excitation, but 500-nm excitation followed by 800-nm re-excitation enhances the quantum yield 
3-fold.  We also show that the quantum yield is not dependent on the delay between the two 
excitation pulses except at the sub-200 fs region where the yield for doubly excited molecules 
approaches the one-photon yield. 
Chapter 5 maps out the higher excited state PES in much more detail than described in chapter 
4.72  In this chapter, we vary both excitation wavelengths and cover a wider range of 
wavelengths.  Varying the initial excitation wavelength followed by 500-nm secondary 
excitation gives the same biexponential behavior reported in chapter 3.  Changing the second 
excitation wavelength did show a difference in the PReP signals when changing the delay 
between the two excitation pulses.  The second excitation wavelength determines to which 
higher excited state the molecules are promoted.  Our PReP experiments show that there are at 
least two higher excited states that the secondary excitation pulse can access from the S1 state.  
We also looked at the anisotropy between UV and visible one-photon excitation to show that the 
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transient absorption bands from the PP experiments reflect different higher excited states, 
consistent with our interpretation of the PReP results.   
Chapter 6 explores the temperature dependence of the quantum yield and reaction rates for 
cycloreversion of DMPT-PFCP on the first excited state.58  The quantum yield increases with 
temperature, indicating an activated process on S1.  The activation energy can be determined 
using different kinetic models to describe the cycloreversion reaction.  Our proposed model 
suggests that the molecules undergo two processes on the excited state and that the CI can be 
approached differently when the molecules start with excess ground vibrational energy.  We also 
explore solvent effects on the dynamics, where our results suggest that after the molecules move 
through the CI, they undergo a large-amplitude reorientational changes back to the original 
planar structure. 
Chapter 7 compares the dynamics of two additional DAE molecules using PP.  One is 1,2-bis(2-
methyl-3-benzothienyl)perfluorocyclopentene (MBT-PFCP) and the other is 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)cyclopentene (DMPT-CP), the hydrogenated version of DMPT-
PFCP.  Preliminary results suggests that the time constant to move over the excited state barrier 
remains the same but the overall excited-state lifetime decreases as the energy gap between S1 
and S0 increases. 
Chapter 8 summarizes the research presented in this dissertation. 
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2. Chapter Two:  Experimental Approach 
2.1 Overview 
The photochemical reaction dynamics of molecular photoswitches were investigated 
using two- and three-beam electronic spectroscopy techniques called pump-probe (PP) and 
pump-repump-probe (PReP) spectroscopy.  The utilization of amplified femtosecond pulses 
allows for probing the evolution of ultrafast photochemical reactions.  The PP experiments in 
this dissertation use UV or visible light to excite a photoswitch to a specific electronic energy 
level determined from the static absorption spectrum, and the time-dependent absorption 
spectrum of the excited molecules is probed with a second pulse, which covers the UV to near 
IR.  Based on the transient absorption spectrum obtained from PP, the PReP experiments use a 
secondary excitation pulse that is tuned to be resonant with a higher excited state.  The secondary 
excitation pulse promotes the molecules to a higher excited state to probe new reaction pathways 
not observed with one-photon excitation.   
The layout of this chapter is as follows: section 2.2 describes the details of the PP and 
PReP experiments, section 2.3 describes the Ti:sapphire laser system and non-linear frequency 
techniques to generate the pump and probe pulses, section 2.4 covers the sample preparation and 
delivery, section 2.5 explains data collection using an integrating single photodiode and a 
photodiode array, section 2.6 describes the LabVIEW programs, and finally section 2.7 describes 
the data analysis. 
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2.2 Transient Absorption Techniques:  Details of the Experimental Set-up 
2.2.1 Pump-Probe Spectroscopy 
Pump-probe spectroscopy is a transient absorption (TA) technique.  The sample is first 
irradiated by a high-intensity pump pulse to promote the molecules to the excited state, which is 
then followed at some time delay by a low-intensity probe pulse to obtain the excited-state 
absorption (ESA) spectrum.  To calculate the ESA spectrum, we measure the intensity of the 
probe light on the detector with and without the pump pulse incident on the sample, Ipump ON(t) 
and Ipump OFF, respectively.  To obtain Ipump ON(t) and Ipump OFF we use an optical chopper 
(NewFocus, 3501) set to run at half the laser rep rate, 500 Hz, so that the chopper blocks every 
other pump pulse.  We then can calculate the change in absorbance, ΔA(t), using equation 2-1, 
which is derived using the Beer-Lambert law.  Because the experiment needs two intensity terms 
(Ipump ON(t) and Ipump OFF) to calculate ΔA(t), there are two laser shots for every time step in ΔA(t).  
Each time step is also averaged over a minimum of 50 laser shots. 
The ΔA(t) signals are not always the excited-state absorption (ESA).  ΔA(t) can be 
negative caused by stimulated emission (SE) or by an over subtraction of the static absorption 
spectrum due to population changes on the ground state, which is called a ground-state bleach 
(GSB).  Coherent signals, like Raman scattering or cross-phase modulation,1 can also appear as 
either positive or negative ΔA(t) signals.  
The purpose of running PP measurements is to obtain information about states involved 
in a photochemical reaction, such as the excited states or the vibrationally hot ground state.  The 
lifetime of these excited states is determined by measuring the change in the absorption as a 
 
ΔA(t) = − log10
Ipump on(t)
Ipump off
 
(2-1) 
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function of the time delay between the pump and the probe pulses, which is controlled using an 
optical delay line.  The motion control unit (Newport, ESP301-1N) controls a 250 mm linear 
stage (Newport, ILS250PP), which is used to delay the probe pulse.  The motion control unit is 
connected to the computer through a USB cord and controlled by a LabVIEW program.  The 
linear stage has a minimum step size of 1 µm with reproducibility of 1.5 µm (5 fs).  Because we 
want to measure the change in absorption as a function of time, we calculate the distance the 
stage moves in ps.  When we tested the accuracy of the stage when entering a delay time, we 
noticed that the stages accurately reproduce the distance Newport quoted.  The TA experiments 
typically move the translation stage no shorter than 10 fs (3 µm, which is double the distance the 
stage can reproduce because the probe light travels on then off the delay stage).  By tuning the 
probe wavelength or using a broadband probe pulse, kinetic and dynamical information about the 
system is revealed by the spectral changes with the time delay.   
2.2.1.1 Pump-Probe Using the Integrating Single Photodiode for Single-Wavelength 
Detection 
Figure 2-1 illustrates the experimental set-up for a single-color PP measurement using the 
integrating single photodiode (SPD) (the electronic details about the SPD are described in 
section 2.5.1).  The motion control unit, which is computer controlled, moves the translation 
stage to adjust the delay between the pump and probe pulses.  The chopper controller 
synchronizes the frequency of a rotating chopper wheel to block alternating pump pulses to 
calculate signals in ΔA.  Interference filters in the white light (section 2.3.2.1) or the optical 
parametric amplifier can be used to obtain single color probe pulses.  The single-color probe 
pulses are focused onto the SPD after the sample.  A BNC cable connects from one of the four 
laser triggers at the breakout box to the SPD.  The SPD will output the voltage signal to the  
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Figure 2-1:  Illustration of the pump-probe set-up using the single photodiode. 
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“slow” DAQ card by a BNC connection to the breakout box typically at channel 1.  Channel 7 at 
the breakout box must read in the chopper signal when running the Pump-Probe or the SPD 
LabVIEW programs.  If a second SPD is used for a reference or for one-color anisotropy 
measurements, the second SPD is connected to channel two of the breakout box via a BNC 
connection. 
2.2.1.2 Broadband PP with the Photodiode Array (PDA) 
Figure 2-2 illustrates the components involved for collecting broadband transient 
absorption measurements with the photodiode array (PDA) and the “fast” DAQ card (the 
electronic details about the PDA are described in section 2.5.2).  The motion control unit, which 
is computer controlled, moves the translation stage to adjust the delay between pump and probe 
pulses. The chopper controller sets the frequency to block the pump pulses to calculate signals in 
ΔA.  For broadband detection, the white-light (WL) continuum probe light is focused onto a 120 
µm slit and enters an imaging spectrograph that diffracts and focuses the WL onto a photodiode 
array.  The gratings used in these experiments are for visible (Oriel, 77495) and NIR (Oriel, 
77478) probe light and will be referred to as the visible or IR grating.  They both are 300 
lines/mm.  The visible grating is blazed at 300 nm, meaning it has the highest efficiency at 300 
nm but the primary wavelength region is 200-750 nm.  The IR grating is blazed at 1000 nm with 
primary wavelength region in 575-2500 nm. 
The PDA circuit board requires the laser trigger via coaxial cable from one of the four 
laser triggers outputs on the breakout box and the 500 Hz chopper signal via coaxial cable from 
the chopper control unit.  The PDA is triggered to begin collecting signals when the laser trigger 
and chopper signal are both high, which is created by using an AND gate on the PDA circuit 
board. 
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Figure 2-2:  Illustration of the pump-probe set-up using the photodiode array. 
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2.2.2 Pump-Repump-Probe Spectroscopy 
Three-pulse experiments have been used by other groups to disentangle convoluted 
signals, reveal spectroscopically invisible states, track structural changes through nuclear 
wavepacket motion, and enhance a photochemical reaction yield by transferring a sub-population 
to another state by a second excitation pulse.2-8  There are different types of multi-pulse 
electronic spectroscopy techniques, but the one that applies to this dissertation is pump-repump-
probe (PReP) spectroscopy, which involves a double population transfer.  When the second 
excitation pulse is resonant with an ESA band, the experiment is called pump-repump-probe 
spectroscopy.  For completeness, when the second excitation pulse is resonant with a SE band, 
the experiment is called pump-dump-probe (PDP).3  The signals from PDP could include a 
decrease of ESA and SE bands and a positive absorption in the GSB region.3  The signals in a 
PReP experiment could involve new ESA bands and a decrease in the ESA and SE bands, but no 
immediate changes in the bleach signal.3 
By introducing a second excitation pulse compared with PP, the experiment is now multi-
dimensional in that there are two time delays that can be controlled, as shown in Figure 2-3.  
Fixing the delay between two pump pulses (Δt12) and observing the absorption signal with the 
probe delay (Δt2) reveals the evolution of the system induced by secondary excitation.  These 
new kinetics probe the decay of either a new ESA band or the excited-state bleach signal 
(analogous to GSB).3  The “action” measurement reveals the connectivity between transient 
states by fixing the probe pulse with respect to the first pump pulse (Δt1) and scanning the second 
pump with respect to pump1.3  To control the respective pulse delay, two translation stages were 
used to control the arrival times of the probe and pump2 pulses. 
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Figure 2-3:  Pulse sequence for two types of PReP experiments.  In an action measurement, the 
delay between pump1 (P1) and probe are fixed (Δt1) and the second pump (P2) is scanned (Δt12).  
In a kinetic measurement, the delay between the two pump pulses is fixed and the probe is 
scanned with respect to the second pump pulse (Δt2). 
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The signal we calculate for the multi-dimensional experiment is called ΔΔAPReP (equation 
2-2), which is the difference in absorption between both excitation pulses irradiating the sample, 
ΔAboth, and the sum of individual PP signals, ΔAPump1 and ΔAPump2.   
 ΔΔAPReP = ΔABoth − ΔAPump1 − αΔAPump2           (2-2) 
The α in equation 2-2 will be discussed below.  The three TA signals are generated by using an 
optical chopper in each pump line.  In the first pump line, the chopper runs at 500 Hz and in the 
second pump line the chopper runs at 250 Hz.  The two frequency combinations result in four 
optical signals shown in Figure 2-4, which are used to calculate the PReP signal in equation 2-2.  
There can be a problem in calculating ΔΔAPReP when both pump pulses are resonant with 
the ground-state absorption.  When both of the excitation pulses are incident on the sample, 
pump2 “sees” a reduced ground-state population because pump1 has already promoted some of 
the ground-state molecules.  This reduces the ΔAboth signal, so when subtracting the ΔAPump2 
signal from the ΔAboth signal, an over subtraction occurs in calculating ΔΔAPReP because the 
ΔAPump2 signal is larger when pump1 is “off”.  The factor α in equation 2-2 is a scaling factor, 
which is equal to the fraction of the ground-state population after pump1 over the original 
ground-state population.2  Because the number of molecules pump2 excites is smaller when both 
pulses are incident, multiplying pump2 with α corrects for the over subtraction. For the work 
done in this dissertation, the kinetics and dynamics are minimally affected by the over-
subtraction error, which will be discussed in chapter 5. 
2.2.2.1 Chopper Set-up for Pump-Repump-Probe Experiments 
It is important that the choppers are properly synchronized to each other and to the DAQ 
card, as well as operated at the correct phases.  The 7/5 slot wheel is used in both choppers and 
the laser light travels through the outer slots of the wheel, so reading the Fouter on the control unit   
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Figure 2-4:  Diagram showing the pulse sequence for the pump-repump-probe experiment.  Four 
intensities (IP1, IP2, IBoth, IOFF) result from the two choppers running at 500 and 250 Hz in the 
pump1 and pump2 beam lines, respectively. 
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shows the frequency at which the chopper is running.  The first chopper is synchronized to an 
external electronic laser trigger TTL signal from the laser.  To obtain 500 Hz, so that every other 
pump1 pulse is blocked, the subharmonic (S) setting on the first chopper control is set to 2.  The 
TTL output (OUT1) of the first chopper (chopper 1) is used as the input for the second chopper 
(chopper 2), with S set to 2 as well, so that chopper 2 runs at 250 Hz.  The mode on both chopper 
control units must be set to H/S for this to work.   
In order to run the PReP experiments, the two chopper signals are combined to create a 
single chopper signal, shown as the middle signal in Figure 2-5, using an AND logic gate.  Inside 
the breakout box on the north side of the laser table contains an AND logic gate with three 
additional BNC connecters: two for the two chopper signals and one is the combined chopper 
output signal.  This combined chopper signal is then an input for the photodiode array.  Two 
BNC cables need to run from the two chopper outputs (Fouter) to the input of the AND gate 
(labeled as AND IN on the breakout box), and a BNC cable runs from the output of the AND 
gate to the PDA chopper input, where there is another AND gate to combine the chopper and 
laser trigger.  This sequence ensures that the acquisition consistently begins with the same 
combination of pump1 and pump2 pulses (Figure 2-4). 
The relative phase of the choppers will determine the order of pulses when the four 
signals are read.  Chopper 2, which is running at 250 Hz, has a very small window to physically 
allow the pump2 beam through it without clipping.  Clipping the beam will result in a signal in 
one of the other ΔA combinations.  To check for clipping, there is a waveform graph in the 
LabVIEW VI “Separate ON and OFF pump repump” that can be used when setting up the 
chopper phases.  The waveform graph is labeled with the four intensities (PP1, PP2, Both, and 
Off) in the order they should be based on how the LabVIEW program calculates the ΔA signals.   
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Figure 2-5:  Oscilloscope screen shot showing the two choppers running at 250 Hz (top) and 500 
Hz (second from top) to make a combined 250 Hz chopper signal (middle, green).  The laser 
pulse is the response from the fast photodiode that was placed after the two choppers and the 
laser trigger is the kHz TTL signal. 
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Use stray pump light on the PDA to see their signals appear on the waveform graph.  
Adjust the chopper phases so that the appropriate pump light is at the correct label under the 
waveform graph, i.e. PP1 should only see stray light from the pump1 line only.  Changing the 
phases of the choppers will change their ordering, which changes the ΔA signal that is being 
calculated, so the signals must be in the order assigned on the waveform graph in the VI 
“Separate ON and OFF pump repump”. 
2.2.2.2 Broadband Pump-Repump-Probe with the Photodiode Array 
Figure 2-6 is the experimental set-up for PReP using the PDA.  An added component 
compared with PP is the second chopper and second pump line.  The second chopper is 
synchronized to chopper 1, but the outputs of the two choppers are combined using an AND gate 
in the breakout box on the north side of the laser table to combine the two choppers TTL signals.  
The output of the AND gate at the breakout box is connected via BNC to the PDA.  Now, the 
PDA begins collecting signals when the laser trigger is high and the two chopper signals are 
high. 
2.3 Laser System 
2.3.1 Ti:Sapphire Lasers 
This section briefly outlines the production of femtosecond laser pulses using Ti:sapphire 
lasers.  Recent advances in the field of ultra-short pulse generation are based on the development 
of titanium-doped aluminum oxide (Ti:Al2O3, or Ti:sapphire) as a gain medium.
9  The Ti3+ ion 
electronic structure contains a single 3d electron and in the Al2O3 host, the crystal field splits the 
Ti3+ electronic energy levels into 2T2 and 
2E, the absorption of which covers 400 to 600 nm due 
to strong coupling to vibrational modes of the sapphire matrix.10  The emission peaks around 800  
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Figure 2-6:  Illustration of the pump-repump-probe set-up using the photodiode array. 
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nm and extends out into the near IR.  Because of the large gain-bandwidth, Ti:sapphire lasers are 
capable of amplifying sub-picosecond pulses.  The Legend Elite (Coherent) laser system uses a 
Ti:sapphire oscillator to produce short, low energy seed pulses, a grating stretcher to expand the 
seed pulses in time, a Ti:sapphire amplifier for regenerative amplification, and a grating 
compressor to produce <35 fs amplified pulses.   
The Mantis oscillator (Coherent) produces broad-bandwidth seed pulses centered around 
800 nm.  The Mantis uses an optically pumped semiconductor laser, which is initially pumped by 
a diode laser bar, to pump the Ti:Sapphire crystal inside the oscillator cavity.11  The fundamental 
wavelength of the semiconductor laser is 1064 nm, which is doubled in a lithium triborate (LBO) 
nonlinear crystal to produce 532 nm to pump the Ti:sapphire crystal.  The Mantis begins in 
continuous-wave (CW) mode, as indicated by a narrow bandwidth peak below 800 nm.  It is very 
important that the CW wavelength is set below 800 nm, otherwise mode-locking will not be 
achieved.   
The oscillator generates ultra-short pulses by Kerr-lens mode-locking.11-13  Mode-locking 
is a technique that takes advantage of the Ti:sapphire’s large gain bandwidth to produce very 
short pulses due to interferences of several thousands of longitudinal modes.9  Kerr-lens mode-
locking is a type of passive mode-locking that uses the nonlinear optical Kerr effect, which 
results from high-intensity light being focused differently than low-intensity light in the gain 
medium.  To compensate for timing mismatch of the different frequency components of the 
pulse due to material dispersion, the negative dispersion mirrors introduce a small amount of 
dispersion with each reflection.  The negative dispersion mirrors eliminate the need to include a 
prism pair in the cavity, as in earlier cavity designs.13-15  
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Chirped pulse amplification is the technique used to amplify the short-seed pulses in a 
second Ti:sapphire crystal.16  To prevent damage to the Ti:sapphire crystal or the cavity optics 
from the high peak power of the amplified pulses, the seed pulse is first stretched in time.  
Stretching the seed pulse is done by using a grating arranged in such a way as to send the higher-
frequency components of the seed pulse over a longer path than the lower frequency.  There are 
four reflections from a single grating to stretch the pulse: two spatially disperse the pulse and two 
reform the pulse to its original circular shape.  After the fourth interaction with the grating, the 
seed beam exits the stretcher and enters the regenerative amplifier.  The regenerative amplifier 
employs a Z-fold configuration with dichroic mirrors that reflect the IR but transmit the green 
light that pumps the Ti:sapphire crystal.  The green pump light is from the second harmonic of a 
diode-pumped, Q-switched Nd:YLF laser (Evolution, Coherent) running at a 1kHz repetition 
rate.  At 527 nm, the Evolution pumps the Ti:sapphire crystal, which can still lase even without 
the seed pulse because of spontaneous emission.  Amplification of the seed is dependent upon 
proper timing between the amplifier resonator at 1 kHz and the seed pulse train.  The timing, 
with respect to the mode-locked pulse train, is controlled by the use of two Pockels cells in the 
regenerative amplifier that selectively rotate the polarization of the seed pulses.17  Not all of the 
seed pulses are amplified because the repetition rate of the seed laser (~80 MHz) exceeds the 1 
kHz repetition rate of the amplifier.  The first Pockels cell switches the seed pulses into the 
resonator while the second Pockels cell switches the seed pulses out of the resonator by a 
polarizer after sufficient round trips, and the amplified pulses are dumped out of the cavity into 
the compressor.  The compressor uses a single grating to disperse the pulse in a way that the 
lower-frequency components of the amplified pulse cover a longer path than the higher-
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frequency components in order to recompress the amplified pulse to a transform-limited width of 
<35 fs.   
Oscillator and Regenerative Amplifier Maintenance  
Latex/nitrile gloves must be worn before opening the Mantis for maintenance. The output 
power of the seed is ~0.350 W in CW mode and ~0.450 W when mode-locked (ML). If the 
output power has degraded by 10% or more, the Ti:sapphire crystal should be inspected and 
cleaned if contaminated.  Green scatter off the crystal is an indication that it needs to be cleaned.  
Also, the other optics should be checked for contamination, which can often be noticed by 
looking for scattered IR light.  Spectroscopic/spectrophotometric-grade methanol is the 
recommended solvent for cleaning the optics using lens tissue.  Mirrors R1 (pump steering 
mirror) and M1 with M14 (cavity end mirrors) can be adjusted to try to raise the power if 
cleaning the crystal and optics fail.  If the power ratio (ML/CW) becomes larger than 90% and 
minor adjustments on M1 and M14 do not decrease the ratio, then move the M5 micrometer 
while keeping the CW wavelength below 800 nm to improve the ratio. 
The power of the amplified, compressed pulses should be maintained around 3.5 W.   
Every few months the output power decreases, which affects the performance of the optical 
parametric amplifiers.  First, the power output from the Mantis should be inspected.  If the CW 
to ML ratio deviates too far from 80% or the Mantis power has dropped by 10% or more, the 
Mantis should first be optimized.  If the Mantis does not need to be optimized, then first adjust 
the seed beam entering the regenerative amplifier by adjusting SM12 and SM13.  If the power is 
still low, adjust PM4 and PM5.  If further touch-ups are needed, then make small adjustments on 
the cavity end mirrors, RM1 and RM4, while looking at the build-up profile.  RM3 and RM2 can 
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be adjusted as well but readjusting SM12, SM13, PM4 and PM5 will need to follow.  Re-iterate 
the process as necessary. 
2.3.2 Non-Linear Frequency Conversion 
2.3.2.1 Generation of White-Light Continuum 
In the PP and PReP experiments presented in this dissertation, the probe pulses were 
generated by focusing the 800-nm fundamental into a calcium fluoride (CaF2) crystal for 
production of white-light (WL) continuum.  WL continuum generation has been well studied by 
many groups and the use of broadband WL for PP experiments has also been explained in 
detail.1,18-25  Continuum generation is a very complex process that involves changes in the 
temporal and spatial beam characteristics.  The dominant process is self-phase modulation of 
short, intense pulses through the non-linear changes of the refractive index of the medium under 
intense irradiation.18,26  
The basic set-up for WL continuum generation uses a neutral density (ND) wheel, an iris, 
a lens, and CaF2.  <1 µJ of 800-nm light is needed for supercontinuum generation for <100 fs 
pulses.  After passing 800 nm through a ND wheel and reducing the beam size with an iris, 
generation of WL occurs by focusing the 800 nm into a 2-mm CaF2 substrate.  The focus in CaF2 
should occur on the back side of the 2-mm substrate.  A combination of adjustments to the z-
position of the CaF2 crystal, the ND wheel, and the iris is necessary to produce stable WL, which 
is usually indicated by a faint red ring around a white spot.  The WL is then collimated and 
focused into the sample by a pair of off-axis parabolic mirrors with another iris to spatially filter 
out the red ring.   
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The advantage of using CaF2 is the high transparency in the UV, so supercontinuum in 
CaF2 can generate wavelengths down to ~350 nm.
22  A disadvantage of using CaF2 is that it is 
susceptible to optical damage from the incident 800-nm pulse.  To avoid optical damage, the 
CaF2 crystal is continuously translated in a circular motion.  The circular motion, unlike a back-
and-forth motion, prevents the translation from stopping temporally at the turning point of the 
stage.  Another disadvantage of using CaF2 is the polarization-dependence that results in an 
intensity modulation of the white light with crystal orientation.22  Pumping with circularly 
polarized 800 nm will eliminate the intensity modulation although we use linearly polarized 
light.22  A Glan Taylor polarizer is used to check the polarization quality of the white-light 
continuum and ensure that the CaF2 crystal axis is properly oriented. 
When generating WL with 800 nm, the broadband spectrum is saturated around 800 nm 
because of the excess 800-nm pump light.  This saturation is problematic if the desired range to 
probe is around 800 nm.  To circumvent this issue, another wavelength can be used to pump the 
CaF2 crystal, leaving the 800-nm region clear of interferences.  One purpose for the home-built 
optical parametric amplifier (OPA), described below, is to generate IR light to pump the CaF2 
crystal so the 800-nm region can be probed. 
2.3.2.2 Optical Parametric Amplification 
A parametric process is one in which the initial and final states of the system are 
identical.27  In a parametric process, population is removed from the ground state for only a brief 
period of time when it resides in a virtual level before returning back to the ground state.  Optical 
parametric generation (OPG) is a process that occurs in a nonlinear crystal when a high 
frequency, high intensity pump beam, ωp, generates a strong signal, ωs, and idler, ωi  where  
ωi<ωs<ωp.
28  The signal frequency (ωs) can be ωp/2 to ωp and the idler frequency (ωi)  can be 
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ωp/2 to 0.
29  If the crystal is enclosed in an optical cavity, the parametric gain exceeds the losses 
and the cavity oscillates like a laser and an optical parametric oscillator (OPO) is created.  
Optical parametric amplification (OPA) is achieved when a strong pump pulse, ωp, and a weak 
seed pulse (signal, ωs) are overlapped within the crystal, and amplification of the signal pulse, ωs, 
and generation of the idler, ωi, occurs.  Figure 2-7 shows these three parametric processes.
28  
These processes only occur when the input pulses are temporally and spatially overlapped, as 
well as properly phase matched, which is when kp=ks+ki where k represents the wave vector. 
These processes occur in a birefringent nonlinear crystal that has a single optical axis, 
defined as the z-axis.  The principal plane contains the z-axis and the wave vector, k.  When the 
polarization of the light is normal to the principal plane, it is called an ordinary beam (o), which 
has some refractive index (no).  When the polarization of the light is in the principal plane, it is 
called an extraordinary beam (e) and experiences a refractive index that depends on the angle θ 
between the z-axis and the propagation of the beam (ne(θ)).  Phase matching is achieved by 
adjusting the angle θ of the crystal to obtain the value of ne(θ) for which Δk=0.
27  To fulfill phase 
matching for three-frequency interactions, there are multiple ways the waves can interact with 
different polarizations.  We use the non-linear crystal beta-barium borate (BBO), which is a 
negative crystal, ne<no.  For a negative crystal, type I phase matching is achieved when 
ko+ko=ke(θ), which is referred to as “ooe” phase matching where “ooe” corresponds to the idler, 
signal, and pump pulses, respectively.  If the mixing waves are orthogonally polarized, then type 
II phase matching takes place, and for a negative crystal, “oee” and “eoe” interactions occur.30 
Home-Built Optical Parametric Amplifier 
A home-built OPA31 is used to generate IR pulses via Type II phase-matching in a 2.5 
mm BBO crystal (Red Optronics).  The IR pulses are subsequently are used to generate white  
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Figure 2-7:  Optical parametric generation, oscillation, and amplification are illustrated.  The 
grey rectangle represents a non-linear crystal and the concaved rectangular shapes in the OPO 
represent end mirrors.  Before the crystal shows the input beam(s) and after the crystal are the 
amplified or newly generated pulses.  An energy level diagram for the OPA process shows how 
the idler (ωi) is generated by the difference in energy between the input pump (ωP) and signal 
(ωS), which is through a virtual state. 
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light for PP measurements.   Figure 2-8 shows a picture of the OPA with the optics labeled (top) 
and the beam pathways (bottom).  The input power is split into three beam lines (80% 
beamsplitter, followed by 90% beamsplitter), two of which are used to pump the crystal, and the 
third weak beam is used to generate white light. In the first pump line, a telescope is used to 
make a tightly collimated pump beam so that there is high enough intensity of light to create 
superfluorescence in the BBO crystal.  The negative lens is on a translation stage to control the 
collimation/beam size, which will affect how much superfluorescence is generated.  The 
superfluoresence is generated upon obtaining the proper phase matching conditions within the 
crystal.  The WL continuum generation occurs in a sapphire substrate to generate the signal seed 
pulse, which is in the IR. The divergence of the OPA output depends on the collimation of the 
WL seed.  Therefore, the WL seed needs to be properly collimated.  
The WL and the first pump pulse are overlapped temporally and spatially in the non-
linear crystal to generate green light and red light from sum frequency of the 800-nm pump with 
IR signal pulses and IR idler pulses, respectively.  The non-linear crystal is a type-II negative 
crystal so the pump will be p-polarized and the seed will be s-polarized with respect to the table, 
and thus fulfilling “eoe” type-II phase matching to generate p-polarized idler pulses. The signal 
pulse in the WL is transmitted through two custom dichroic mirrors (Femto Lasers, OC 0115) 
that transmit the s-polarized signal (R>99.5% 720-880 nm p-polarized, R>99.5% 680-930 s-
polarized, and T>90% 1100-1600 nm p-polarized), but reflects the 800-nm pump pulses.  The 
signal beam is reflected off a silver mirror at a slight downward angle to make a second pass 
through the same BBO.  There is a polarizer before the silver mirror to separate signal or idler 
before the second pass. 
  
 
52 
 
 
 
 
 
 
 
Figure 2-8:  A picture of the home-built OPA with the optics labeled (top) and the beam paths 
(bottom). 
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The second pump line requires more pump energy but a larger beam size.  After the first 
beam splitter, the second pump passes through a telescope and is reflected off the custom 
dichroic mirror into the BBO where mixing occurs with the signal beam to amplify the IR light.  
There are a series of longpass filters to remove light below 1000 nm and a high reflector to 
remove some of the idler beam based on the polarization (p-polarized). The output power 
obtained at 1350 nm is 50 µJ.  The output wavelength can be tuned by adjusting the crystal angle 
as shown in Figure 2-9. 
Commercial Tunable OPAs 
The output pulses from two commercial OPAs (TOPAS-C, Light Conversion) are used as 
the excitation pulses in the PP and PReP experiments.  The TOPAS is designed to produce light 
from 240-2600 nm from the 800-nm fundamental pulses.  The basic layout of the commercial 
TOPAS-C is similar to the home-built OPA except there are two BBO crystals for the two pump 
passes, plus up to two optional sum-frequency or second-harmonic generation stages for 
generating visible and UV light.  The exact layout can be obtained from the TOPAS-C user 
manual.  The TOPAS is computer controlled using a wavelength calibration already installed in 
the TOPAS software (WinTOPAS) that controls the crystal angles, the two delay stages, and the 
two exterior mixers.  Maintenance on the TOPAS should be minimal.  Only the exterior mirrors 
should be moved to direct the input pump beam to align with the three irises that are a part of 
the TOPAS.  An installation specification sheet is also found in the TOPAS user manual, which 
gives benchmarks of the output power for each combination of frequency conversion. 
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Figure 2-9:  Power and wavelength tuning curves for the home-built OPA. 
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2.4 Sample Preparation and Delivery 
 All of the samples in this dissertation are in solution phase.  The main focus of this thesis 
is on the compound 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (DMPT-
PFCP, TCI America, B2629).  The main solvent of choice is cyclohexane due to its weak 
interaction strength32 and it also makes for a great solvent in the jet.33  The DMPT-PFCP starts in 
the open-ring isomer, so the closed-ring isomer is created by UV irradiation using Mineralight 
254/366 nm short/long wave lamp (Ultra-Violet Products).  To determine the concentration of 
the closed-ring isomer in the solution, we use the molar absorptivity of 1.10 M-1cm-1 at 534 nm 
determined by Irie et al.34  The experiments are mostly run with a maximum peak absorbance 
around 0.5 and using a flow cell or a windowless liquid jet.  Roughly, about 30 mL of solution is 
needed for the flow cell and 50 mL for the jet, depending on the length and diameter of tubing. 
Flow cells (Starna Cells, Spectrosil quartz) were purchased from Starna with path lengths 
of 0.5 or 1 mm.  The standard window thickness is 1.25 mm.  The window material, Spectrosil 
quartz, is designed to transmit light from 170 through 2700 nm.  Spectrosil also does not exhibit 
any background fluorescence.  The solution in the flow cell is circulated with a peristaltic pump 
from Small Pumps.  The pump is designed with variable flow rate and reversible operation.  The 
tubing used is 1/8 ID x 1/4” OD Viton B, which is incompatible with dioxane, tetrahydrofuran, 
acetonitrile, and methanol (for extended periods of time). 
The windowless liquid jet is used mainly to improve the temporal resolution of the 
experiment because the pump and probe pulses are focused directly into the solution and do not 
propagate through any material.  A jet is formed by forcing the solution through a sapphire 
nozzle which tappers to a 200 µm x 7 mm slit.  The sapphire nozzle was purchased from Kyburz 
Sapphire.  The reason we do not always run with the jet is because of solvent evaporation, which 
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changes the concentration during long scans (>30 mins), and because of noise caused by 
turbulence and bubbles.  It is important to also run with a filter (Swagelok, SS-4FW-VCR-15)  
attached to the Teflon tubing, particularly if high intensity pump pulses are used, to prevent any 
insoluble particles from clogging the slit and therefore disrupting the smooth jet stream.  The 
filter also seems to reduce the noise caused by bubbles.  The tubing (1/8 ID x 1/4” OD) used to 
circulate the solution is Teflon (Swagelok) because of its compatibility with a wide range of 
chemicals.  The sample is circulated through the jet using a magnetically driven gear pump 
(Micropump) and the flow rate is controlled by an adjustable DC power supply. 
2.5 Detection Electronics 
Now that the PP and PReP experimental set-ups have been outlined, the next step is to 
collect and process signals from the TA measurements.  The TA measurements either use single-
probe wavelength detection using a single photodiode (SPD) or the broadband white-light 
continuum to simultaneously collect a range of wavelengths using a photodiode array (PDA).  In 
either case, collecting the photodiode voltage signals requires the use of data acquisition (DAQ) 
cards.  The DAQ hardware takes the voltage signal from the photodiode, an analog waveform, 
and converts it into digital datum for processing and storage by the computer.   
The PC for data acquisition contains two identical DAQ cards in the PCI expansion slots.  
We call one card the “slow” card and the other is called the “fast” card.  A PDL-CBL-100 cable 
connects the “slow” DAQ card to a custom-built breakout box and the “fast” card is connected to 
the PDA circuit board with a second cable.35  Single channel differential inputs are connected to 
the “slow” card through a breakout box with eight BNC connectors, and the “fast” card reads the 
output of the silicon photodiode array (PDA) directly.  We use a PDL-MF-333 card made by 
United Electronic Industries (UEI).36,37  These cards only operate with a 32-bit operating system.  
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Briefly, PDL-MF is referred as the “Lab” series board (MF stands for multifunction) where this 
board has 16 analog inputs, 2 analog outputs, and 24 digital I/O.  The 333 refers to the maximum 
sampling rate, which is 333k samples per second.  Another important feature is the adjustable 
input voltage ranges are 0 to 10 V, ±5 V, ±10 V.  The voltage range can be changed via the 
LabVIEW programs depending on the strength of signal.   
Figure 2-10 shows the internal circuit board inside the breakout box, including the BNC 
connectors for external connections.  The breakout box, created by the KU Instrumentation 
Design Laboratory (IDL), provides coaxial connections to the differential analog inputs and 
digital I/O channels.  Differential inputs reduce noise by taking the difference between the high 
and low voltages of two analog inputs to create a single differential input.  There are 16 single-
ended analog inputs from the DAQ card, but the breakout box is configured to work with 
differential inputs, so there are eight differential input channels shown in Figure 2-10.  The 
breakout box also replicates the electronic laser trigger TTL pulse (“laser trigger” for simplicity) 
from the output of the synchronization and delay generator (SDG) box that controls the 1 kHz 
laser amplifier.  The TTL signal is derived from the repetition rate of the Evolution laser.  The 
creation of four identical laser trigger outputs allows for synchronizing different laboratory 
instruments with the optical output of the pulsed laser.  The schematic for the breakout box 
circuit is shown in the Appendix, Figure 2-22.  The following sections describe the details of the 
analog-to-digital conversion (ADC) process using the DAQ cards with our detectors so that the 
LabVIEW program can convert the voltage signals into transient absorption signals. 
2.5.1 Single Wavelength Detection with an Integrating Single Photodiode 
The laser pulses sampled by a PIN photodiode are very short in time (Figure 2-11, laser 
pulse), which does not give the electronics enough time to read the voltage response of the PIN  
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Figure 2-10:  Picture of the break out box interior board at the south end of the laser table with 
the BNC connections labeled. 
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photodiode, let alone consistently read the signal maximum for every laser shot.  Because we 
need to consistently record the intensity of every laser shot, we use an integrating photodiode to 
integrate the total photodiode voltage response within a given integration window.  The 
integrating SPD is connected to the “slow” card via BNC connection to the breakout box.  The 
integrating SPD electronic circuit was made by the KU IDL shown in the Appendix (Figure 
2-23), 
A large area (~13 mm2) silicon photodiode (Hamamatsu, S1336-44BQ), which has a 
spectral response from 190 to 1100 nm, is used for single wavelength detection.  Figure 2-11 
shows the timing diagram for running the “slow” card with the SPD.  The laser trigger is the 1 
kHz external TTL signal, which starts the integration process.  After the laser pulse has “fired”, 
the SPD signal will begin to rise with a time constant based on the circuit, and it will continue to 
integrate any light during a 120 µs window until the SPD is reset.  The SPD integration is reset 
after 120 µs by a multivibrator (acts like an oscillator) on the circuit board designed by IDL.  The 
120-µs window is long enough to integrate the voltage response so that the DAQ card reads the 
voltage consistently.  Most of the light is integrated in the first several µs.  Figure 2-12 shows 
that the SPD signal (pink) is still integrating (as indicated by the slope) for 120 µs even though 
the DAQ card converts the analog signal in the first few µs (yellow).  Figure 2-12 is a screen 
shot of the oscilloscope to illustrate four 1-kHz laser shots (green) with four signals from the 
SPD (pink) integrating over a 120-µs time frame. 
A series of triggers control the analog-to-digital conversion (ADC) process in the DAQ 
card.  The channel list clock (CL) is controlled by the LabVIEW program based on the number 
of analog signals to read.  The DAQ card is triggered by the laser trigger to initiate the collection 
of analog signals and to “start the session” in the LabVIEW program.  The laser trigger also   
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Figure 2-11:  Timing diagram for the integrating SPD and associated ADC. 
  
 
61 
 
 
 
 
 
Figure 2-12:  Oscilloscope screen shot of four consecutive signals from the laser trigger (green), 
laser pulse (purple), SPD (pink), and the CV clock (yellow). 
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triggers the CL clock.  The conversion clock (CV) is continuously set high until there is a CL 
clock trigger.  Once the CL clock is high, the CV clock will trigger the ADC process at the 
falling edge every 3 µs until the CL clock signal is low.  Figure 2-11 shows the timing diagram 
in the case of three analog inputs being read by the “slow” DAQ card.   
Figure 2-13 is a screen shot of the oscilloscope showing the laser TTL trigger (purple), a 
laser pulse on a fast photodiode (green), the integrating SPD signal (pink), and the two clock 
pulses from the DAQ card in yellow.  As shown by Figure 2-11 and Figure 2-13, the laser trigger 
initiates both the SPD integration and DAQ processes.  The laser pulse arrives >200 ns after the 
rising edge of the laser trigger.  The integration window covers 120 µs.  During the integration, 
the CL clock, created by the LabVIEW program, creates the correct number of CV triggers that 
initiates the ADC process in the DAQ card (marked with asterisks in the figure).  Figure 2-13 
shows an example of reading three analog signals.  As shown in Figure 2-13, the first CV pulse 
actually arrives before the laser pulse has “fired”.  The LabVIEW program is designed to ignore 
the first two signals read by the CV (the first two asterisks) to ensure the integration has 
stabilized before acquiring the voltage (Note: this is only for the integrating SPD detector).   
2.5.2 Broadband Detection with the Photodiode Array 
For broadband probe detection in the UV to NIR, we use a silicon photodiode array 
(PDA).  The silicon photodiode array (Hamamatsu, S3901-256Q) contain 256 pixels with a 
spectral range of 200-1000 nm and a 50 µm pixel width.  The operation of the PDA is controlled 
by the Hamamatsu driver circuits (C7884), but the driver circuits require two external trigger 
signals.  The PDA circuit board, designed by the KU IDL, will provide the additional signals the 
driver circuits need to initiate the collection of analog signals.  The PDA circuit board schematic 
is shown in the Appendix (Figure 2-24).   
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Figure 2-13:  An oscilloscope screen shot of the laser trigger (green), laser pulse from a PIN 
photodiode (purple), the integrated photodiode signal (red), and the conversion clock (CV) and 
the channel list clock (CL) in yellow. 
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Figure 2-14 shows the timing diagram for the PDA operation.  The Hamamatsu driver 
circuit operates with external START and master clock (CLK) inputs.  The START signal pulse 
is the laser trigger, which has a width of 1.1 µs.  The laser trigger, or START, pulse width 
determines the integration time of the image sensor.  The CLK is an external clock with a 
frequency that determines the analog signal (Video Data) readout frequency, and the Hamamatsu 
driver circuits require four cycles of the CLK pulse for one cycle of the Video Data signal.  
Because the DAQ card can sample no more than 333 ksamples/s, the maximum the CLK 
frequency can be is 1.33 MHz, and because we need to collect 256 samples every ms, the 
minimum frequency the CLK can run is 1.024 MHz (0.256x4 per µs).  The CLK frequency we 
use is 1.2288 MHz.  The START pulse must be synchronized to the CLK.  The PDA circuit 
board synchronizes the CLK and the START pulses to generate a new START_SYNC signal, 
which is used to initiate the sequence of timing events to read the photodiodes on the array. 
Video Trigger, Video Data, and END OF SCAN (EOS) are outputs from the Hamamatsu 
driver circuit.  Video Trigger is used as the CL clock for ADC because there is only one analog 
channel to read.  EOS is the reset.  Video Data is the analog output signal for the individual 
photodiodes in the array. 
We added an AND gate to the PDA circuit board (Appendix Figure 2-24) that will 
combine the signals from the laser trigger and the chopper signal.  The combined signals from 
the laser trigger and the chopper create EXT_TRIG_IN, which controls when the DAQ card will 
start collecting the data (starting the session), which is when the laser trigger and the chopper 
signals are both high.  This ensures the LabVIEW program will always start collecting data when 
the pump pulse is blocked by the chopper. 
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Figure 2-14:  Timing diagram for the photodiode array driver circuit with the two input signals, 
START (laser trigger) and CLK (master clock).  The Hamamatsu driver circuit produces the 
Video Trigger, Data Video, and End of Scan signals for the “fast” DAQ card to read and convert 
the analog signals into digital signals for the computer to read. 
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2.6 LabVIEW Programs 
The LabVIEW program used to run all the laser experiments is called “Run Laser 
Experiments”, and was made using LabVIEW 2009 (National Instruments).  The program opens 
a menu to select a sub-program or “virtual instrument” (VI) based on the type of experiment to 
be performed, shown in Figure 2-15.  There are five main programs plus two modified programs 
to use with the InGaAs array detector.  The seven menu choices are Pump-Probe Photodiode 
Array (Pump-Probe IR Detection), Pump-Repump-Probe Photodiode Array (Pump-Repump-
Probe Photodiode Array IR detection), Single Photodiode, THz, and Quantum Yield 
Measurement.  The individual programs are described in detail below.  The LabVIEW programs 
were created by using “virtual instruments” (VI) available from UEI, Newport, and National 
Instruments.  The output files generated by each experiment are text files that can be imported 
into IGOR Pro with the import procedure DataInputV4_0_1. 
2.6.1 Pump-Probe with the Photodiode Array 
The name of the main VI is “Pump-Probe 4.0” or “Pump Probe IR Detection 4.0”.  The 
LabVIEW program is capable of reading both DAQ cards (“fast” and “slow”) so that the 
photodiode array (PDA) is read at the same time as the single photodiode (SPD).   
There are several important parameters for the DAQ cards located on the front panel 
under the DAQ parameters tab (Figure 2-16).  These parameters apply to all the LabVIEW 
programs so they will only be described here.  The first input required is to create a source string 
for each card.  Card 1 is the label assigned to the photodiode array or “fast” DAQ card and card 2 
is assigned to the breakout box or “slow” card.  The source string should have the format 
pwrdaq://Dev1/Ai0 where pwrdaq stands for PowerDAQ PCI board, which is the device class of  
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Figure 2-15:  The main menu for selecting a LabVIEW program.  
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Figure 2-16:  Screen shot of the “Pump-Probe 4.0” program showing the DAQ input parameters. 
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the card, Dev1 is the device ID specific to the PCI slot used,1 and Ai0 stands for the subsystem 
analog in and the numerical channel list, which in this example is only channel zero.  For the 
PDA there is only one channel, Ai0.  The channel list does not have to be sequential and 
channels can be repeated multiple times.  When running with the SPD, the channel list default is 
Ai1,1,1:7.  The initial 1,1 sequence is used to skip the first two signals read because the SPD is 
still integrating during this time, as explained in section 2.5.1.  The “Pump-Probe 4.0” program 
recognizes the third signal, which is again channel 1 as the SPD voltage.2    
The next DAQ input parameter is the number of samples per channel.  The “slow” card 
collects 101 samples per channel and the “fast” card collects 25,856 samples per channel.  The 
program will delete one laser shot from the 101 or 25,856 samples so that there are 100 samples 
per channel for the “slow” card and 25,600 for the “fast” card.  The extra 1 or 256 samples is 
used to synchronize the two cards based on the chopper signal.  This will be explained later when 
discussing how to run both cards.  In the case when only the PDA is being used, the last 256 
samples will be deleted from the 25,856.  We determined that collecting 100 laser shots is the 
appropriate rate for the cards to collect and transfer the digital signals to the computer via the on-
board buffer.  The remaining default parameters are differential analog input mode, external 
clock source (CL clock from section 2.5), the trigger source is external (laser trigger), the voltage 
range for the photodiode array is set to ±1 V and the range for the single photodiode is ±10 V, 
and the stage number for the translation stage.   
The default setting when opening the program is to not read the second card (SPD).  The 
hierarchy for retrieving the data from the DAQ card for only the “fast” card is displayed below in 
Figure 2-17.  The arrows in the figure represent the order the DAQ input parameters run through  
                                                          
1 The device number will either be 1 or 0 but the device numbers are switched between the computers.  The back 
of each computer is labeled with the device number associated with the card. 
2 We do not read channel 0 because there is cross-talk between channel zero and the chopper signal. 
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Figure 2-17:  List of the sub-VI’s involved in reading the data in the Pump-Probe 4.0 program 
when reading the “fast” card only.  The program runs from top to bottom where the arrows 
represent the important reference string for the DAQ card and how it is transferred through each 
sub-VI. 
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each sub-VI.  The first sub-VI that the DAQ input parameters enter is the sub-VI “Read Two 
Cards Voltage”.  This VI contains two of UEI’s VI’s called “UeiDaqCreateAiSession” and 
“UeiDaqConfigureTimingforbufferedO”.  “UeiDaqCreateAiSession” will create a session with 
the DAQ input parameters described above and create the reference string needed for the other 
VI’s to communicate with the DAQ card.  That reference string will enter 
“UeiDaqConfigureTimingforbufferedO”, which is a buffered IO that uses a hardware clock to 
time the data acquisition and acquire the data in blocks specified by the input parameter number 
of samples per channel.  The reference string enters two different sub-VI’s called “Read Daq and 
Separate pump probe” and “Dark Count for pump probe”, which the reference string moves 
through a few other VI’s before reaching the series of UEI sub-VI’s.  The user has the option to 
run a dark count to subtract any electronic noise or stray light.  A dark count is collected by 
blocking the probe light, and will be subtracted from all future voltage measurements.  The pump 
light on the SPD should be blocked when running the dark count with the SPD.  The hierarchy 
with the dark count is also shown in Figure 2-17. 
The next step before obtaining the data is to configure a start trigger with an external 
source (the laser trigger), followed by starting the session.  There cannot be any time delay 
between starting the session and the “ReadScaledData” VI.  “ReadScaledData” transfers the data 
from the DAQ card to the computer.  By using the multiple scans polymorphic VI, the 25,600 
samples per channel will be collected in a block of 100 (100 laser shots with each laser shot 
containing 256 pixels) before the computer can retrieve it.  In the pump-probe programs, the 
blocks of 100 are split between 50 shots with the pump pulse ON the sample and 50 shots with 
the pump pulse OFF the sample (because they are blocked by the chopper), which are separated 
by the sub-VI “separating array pump probe no spd” and a few sub-VI’s afterwards.  After the 
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blocks are separated and averaged, the stop session VI ends the data transfer to the computer and 
the ON-OFF blocks are converted into ΔA signals and reported on the front panel.  When the 
program is closed or the “reset graph” button is initiated, the closed session and show error VI’s 
clear the reference that was created by “UeiDaqCreateAISession”.  The UEI manual for the VI’s 
are on the desktop of the PC named Hydrogen.   
Running Two Cards Simultaneously 
The purpose of running the SPD with the pump-broadband probe experiment is to 
monitor the pump intensity with the SPD to improve the signal to noise by looking for bad pump 
pulses based on a range the user specifies (default is ±3 standard deviations, 3σ), which will 
remove any laser shots that deviate from that range.  The SPD program is also able to record 
single channel AI’s for other purposes.  Removing the bad laser pulses improves the signal to 
noise, particularly for experiments that have small absorption signals, such as two-photon 
excitation.  Figure 2-18 is the hierarchy for reading the data with the SPD running 
simultaneously, which collects the data like above, but the UEI VI’s are doubled—one for each 
card.   
A VI called “Chopper high or low” is important in calculating the ΔA signals because 
this VI determines if the first laser shot read on the SPD is when the chopper is high or low.  To 
obtain the chopper signal, the chopper output is connected to the breakout box at channel 7.  
Running with two cards is a bit challenging, but because the two cards start reading by using the 
same laser trigger signal, for the most part they are synchronized.  However, because the PDA 
does not start to read data until there is a laser trigger AND the chopper is high, there can be a 
one pulse delay when reading the SPD.  The SPD is only designed to begin running with the 
laser trigger, so it could start running when the chopper signal is low and therefore one pulse  
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Figure 2-18:  :  List of the sub-VI’s involved in reading the data in the Pump-Probe 4.0 program 
when reading the “fast” card and “slow” cards simultaneously.  The program runs from top to 
bottom where the arrows represent the important reference string for the DAQ card and how it is 
transferred through each sub-VI.  The boxes are case loops, which are selected in the front panel.  
Only one of the boxes will run, but the options are to remove bad pulses based on an average of 
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all the pump pulses (BOTH), only the pumo pulses not blocked by the chopper (ON), or the 
pump pulses that will be blocked by the chopper. 
ahead of the PDA as illustrated in Figure 2-19.  If the chopper is high then the two cards started 
with the same laser shot and we remove the last laser shot from the SPD and PDA.  If the SPD 
started reading with the chopper low, then we delete the first laser shot from the SPD and the last 
laser shot from the PDA.  Because of this, the program actually has the input parameter “number 
of samples per channel” set to 25,856 and 101 for the two cards. 
To make sure the cards are properly synchronized a block of 100 laser shots read by the 
PDA and SPD, after the SPD went through the “chopper high or low” VI, was monitored in the 
waveform graph in Figure 2-20 where laser light was sent through an asynchronous chopper (295 
Hz in this case, but several others were also performed) and split to focus a fraction of the light 
onto the SPD and the PDA.  In Figure 2-20, the intensity of the light on the SPD (red circles with 
line) and the PDA (black circles with line) follow each other with the asynchronous chopper 
frequency, so the two DAQ cards are synchronized to the same laser shot. 
Now back to running the SPD with the PDA to remove bad pump pulses.  There are three 
options on the front panel to choose which pump pulses on the SPD to reference a single voltage 
signal against an averaged voltage signal (the average of the block of 100 laser shots).  These 
three options are indicated by the three boxes in Figure 2-18, which represents a case loop.  The 
pump signal can be compared to every laser shot (BOTH), only to the pump ON pulses (ON 
only), and only to the pump OFF pulses (OFF only).  If the SPD is placed before the chopper, 
then the subprogram BOTH is appropriate.  If the SPD is placed after the sample, which is great 
for removing bad pulses caused by bubbles in the sample, then removing the shots based on the 
ON pulses is appropriate. 
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Figure 2-19:  The left side shows the two possible ways the PDA and SPD cards begin to read.  
The top is when they both start when the copper is high (H) so the last laser shot is deleted from 
the two.  The bottom is when the SPD starts a pulse ahead when the chopper is low (L) so the 
first pulse from the SPD is deleted and the last pulse from the PDA is deleted.  The right side 
show the oscilloscope screen shot when the SPD was read a pulse ahead of the PDA. 
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Figure 2-20:  The red circles with line and the black circles with line are the 100 laser shots on 
the SPD and the PDA where the intensity of the laser pulses were a result from running through 
an asynchronous chopper at 295 Hz. 
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The next important feature in all of the LabVIEW programs is moving the delay stage for 
time-resolved transient absorption measurements.  The VI’s involved in moving the delay stage 
include, “Move Position”, “Stage”, “Read Position”, “Time Zero”, and a series of Newport’s 
VI’s:  “Serial Port”, “Open Serial Driver”, “VISA Configure Serial Port (Instr)”, “Bytes At 
Serial Port”, “Serial Port Read”, and “Serial Port Write”.  Briefly, to move the delay stage, 
“Move Position” VI is called.  First, the input is given in picoseconds, so the sub-VI’s will 
convert the position into mm ((t(ps))x (
1
2
0.3 mm
ps
) where the factor of ½ is due to the round-trip 
on the stage).  There is a built-in error if the user enters a delay that is too long for the stage.  The 
built-in error will prevent the stage from moving beyond the end of the stage, which will result in 
an error on the motion control unit.  Because the preventative error is manually built in the 
LabVIEW program, the stage position must be referenced to “Home”, which is where the 
translation stage internally calls 0 mm.  “Home” is one of the menu items on the motion control 
unit.  If the power in the lab goes out, the stages need to be reset to “Home”.  The LabVIEW 
program also waits to read the photodiodes until the delay stage reaches its target position.  
Because of this delay in reading the data, the stop session VI has to be on the inside of the while 
loop (main page block diagram).  This does slow down the reading time of the program, which 
can be fixed by putting the stop session VI outside the while loop, but because of the delay stage 
the stop session VI has to be inside the while loop or an error will occur.  The stop session VI 
inside the while loop is fine for running any kind of pump-probe experiment, but if the number 
of laser shots needs to be accurately accounted for, the stop session VI needs to be outside and a 
new program without the delay stage VI’s will have to be created (see Quantum Yield 
Experiment).  The other main VI for moving the stepper motor is the “Time Zero” VI, which the 
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user tells the program where the pump and probe pulses are overlapped at “time zero”.  The VI 
then calculates the stage position in mm relative to the “time zero” point. 
To run and save a transient absorption measurement, the VI “Scan 4.0” is called.  The 
VI’s involved in this include “Scan Save pump1”, “move position”, “Write to file”, and “Long 
Scan”.  Briefly “Scan Save pump1” opens the text data file and writes a header, “move position” 
VI will move the delay stage to the target position, “Write to file” VI writes the data and position 
number to file at each step of the scan, and “long scan” VI is an option if the user wants to 
increase the delay step size during the scan.   
Another important feature of the program is calibrating the probe wavelength for 
broadband detection.  Calibrating the probe wavelength uses a “call by reference node”, which 
will show the front panel of the “Transmission 3.4” VI when it is called in the main program by 
selecting the “get transmission spectrum and calibration” button.  The “Transmission 3.4” VI 
will pop up and the transmission as a function of pixel for a known standard is calibrated by 
either a series of 10 nm bandwidth filters or a Holmium oxide glass filter.  The sub-VI’s used in 
this routine are “Get transmission spectrum pump probe”, “Read Daq and separate no spd”, 
“convert to mOD”, “Create Array”, “Generate Gaussian fit”, “Sum Gaussians”, and “Linear 
Regression”.   
The VI “Transmission 3.4” also allows you save a transmission spectrum of your sample. 
The remaining VI’s not mentioned above include, “Last step” (calculates distance in time 
if long scan is used), “cluster Scan IN and Cluster Scan Out pump1” (makes inputs into a cluster 
then undoes the cluster), and “Transmission cluster IN3 and Transmission cluster OUT” (makes 
inputs into a cluster then undoes the cluster). 
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The difference in the “Pump Probe IR Detection 4.0” program is an added digital output 
subsystem (pwrdaq://Dev1/Do0) with two channels for the temperature control, which is a toggle 
switch on the main VI in DAQ parameters to control the thermoelectric cooler on the InGaS 
array detector, and the gain setting (1x or 10x). 
2.6.2 Pump-Repump-Probe with the Photodiode Array 
The main VI for running PReP experiments is called “Pump Repump Probe 4.0”.  The 
majority of the program runs the same way as the pump-probe program, particularly in how it 
collects data.  This program only runs with the PDA so the number of samples per channel is 
25,600 (or 100 laser shots).  The hierarchy of this program is essentially the same as the pump-
probe without the SPD (Figure 2-17) and only the differences will be discussed in this section.  
The PReP experiments involve collecting four types of signals that instead of collecting blocks 
of 50 pulses ON and 50 pulses OFF, like in the PP, it will have blocks of 25 for pump1 ON-
pump2 OFF, pump1 OFF-pump2 ON, pump1 ON-pump2 ON, pump1 OFF-pump2 OFF, shown 
in Figure 2-4.  The program is not set-up to run with the second card, so it cannot throw out bad 
points based on the pump light intensity.  Instead, there is a VI (“ON/OFF Stats prep”) that will 
check the block of 25 pulses to ±3σ, and will throw out pulses outside of that range.  Statistically 
it will always throw out 0.1% of the block but it does help with the noise, especially random 
flickers caused by bubbles in the liquid sample. The difference is that here the “bad” points are 
determined from fluctuations of the WL continuum probe, rather than the pump pulse intensity.  
The way the program operates with the PDA is there are two choppers, 500 and 250 Hz, 
with the TTL output connected to an AND gate, which is inside the breakout box.  The output of 
the AND gate will be the chopper input for the PDA so that the PDA starts reading when the 
laser trigger is high AND the two choppers are both high (see section 2.2.2.1).  Again, at the 
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PDA there is an AND gate added to the circuit board to combine the laser trigger and chopper 
signal so the card begins when laser and chopper signals are high.  There are two delay stages 
that can be controlled in this program.  The set-up in this dissertation has the probe on stage1 and 
pump2 on stage2.  There are three options in the program for running a PReP experiment.  The 
first is to move stage1 (probe) while stage2 (pump2) is at a fixed delay.  Because stage1 
corresponds to moving the probe delay and pump2 is fixed relative to pump1, we call this a 
kinetic measurement.  The second option is to move the stage2 (pump2) delay and keep stage1 
(probe) fixed.  Delaying stage2 (pump2) relative to the stage1 (pump1) is called an action 
measurement where typically the pump1 and stage1 (probe) delay is fixed.  Another option in the 
action measurement is instead of fixing the delay between pump1 and stage1 (probe), fix the 
delay between stage2 (pump2) and stage1 (probe) and move both stage2 (pump2) and stage1 
(probe) relative to pump1.  The third option is a multidimensional experiment where stage2 
(pump2) is fixed at a delay and stage1 (probe) is scanned, then the program will automatically 
change the stage2 (pump2) position and scan stage1 (probe) again.  There is a toggle switch in 
the DAQ parameters tab to change the stages to translate either pump or probe. 
2.6.3 Single Channel Detection 
The main program to read a single analog input channel using the SPD alone is “Single 
Photodiode 4.0”.  There are six sub-programs: single shot to shot, single shot to shot with 
reference, throw out bad pump pulses, anisotropy, read voltage, and lock-in detection.  Only the 
“slow” card is read for each of these, and the channel list is the same as described in the pump-
probe photodiode array program, Ai1,1,1:7.  Because only one card is run, the number of 
samples per channel is 100, and again to determine if the chopper is high or low, the chopper 
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signal needs to be in channel 7.  The diagram in Figure 2-21 shows the hierarchy for reading the 
data. 
The blocks indicate that a case loop is used to select which VI will be called.  The “read 
Daq for simple scan single PD” reads and separates the alternating pump ON and OFF signals, 
and then enters another case loop that calculates the signal in ΔA.  The pump-probe experiment 
can be run using a probe reference where the probe light is split before the sample.  Both probe 
pulses pass through the sample where one probe will be the reference that does not cross with the 
pump light and the other probe does.  The reference probe will divide out fluctuations in the 
probe light for better signal to noise.  The ΔA signal is calculated by using the following 
equation, which is the same as equation 2-2.  Note that the unreferenced TA signal in deriving 
equation 2-2 assumed that the fluctuations of the probe are small.   
 
ΔA = 𝐴𝑂𝑁 − 𝐴𝑂𝐹𝐹 = − log10
𝐼𝑝𝑢𝑚𝑝 𝑜𝑛
𝐼𝑝𝑢𝑚𝑝 𝑜𝑛
𝑟𝑒𝑓
+ log10
𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
𝑟𝑒𝑓
 
= − log10
𝐼𝑝𝑢𝑚𝑝 𝑜𝑛 ∙ 𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
𝑟𝑒𝑓
𝐼𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 ∙ 𝐼𝑝𝑢𝑚𝑝 𝑜𝑛
𝑟𝑒𝑓
 
(2-3) 
Another way to improve the signal to noise is to remove bad pulses by monitoring the 
pump intensity on a second SPD.  The third option subprogram runs like the broadband pump-
probe program using the SPD to check for bad pump pulses.    
The fourth option is calculating the anisotropy by collecting the parallel and 
perpendicular signals simultaneously using two SPDs.  The experimental set-up is described in 
chapter 5 and the program calculates the anisotropy directly at each time step using the usual 
equation, r(t) =
I∥−I⊥
I∥+2I⊥
.   
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Figure 2-21:  The VI list involved in reading the “Single-Photodiode 4.0” program.  The program 
runs from top to bottom where the arrows represent the important reference string for the DAQ 
card and how it is transferred through each sub-VI.  The boxes are case loops, which are selected 
in the front panel.  Only one of the boxes will run. 
  
 
83 
 
The last two options are to read the voltage for every laser shot either directly from the 
integrating SPD or using a lock-in detector.  The lock-in detector program is used to run 
heterodyne-detected THz absorption measurements by moving the delay stage to sample the THz 
interference pattern.  The lock-in detector program is different from the shot-to-shot voltage 
program in that there is an added dwell time to allow the lock-in detector to settle on an average 
voltage.  The dwell time set point in the program must be set according to the averaging time of 
the lock-in amplifier. 
Another feature in the SPD program is it can automatically calculate the full width at half 
max (FWHM) for autocorrelations.  The FWHM is calculated by fitting the peak from the 
autocorrelation measurement to a Gaussian function and then reporting the FWHM.  To calculate 
the pulse duration of the pump, use equation 2-7 in section 2.7.1. 
2.6.4  “Run Quantum Yield Experiment” VI 
This program was made specifically for collecting the voltage for every laser shot (on 
two SPDs) in order to calculate the quantum yields for the photoswitches.  The program is 
relatively simple in that it only reads in data using the UEI VI’s listed above.  A few differences 
are the number of samples per channel (250 shots) and the channel list (Ai1,1,1:3).  Also, the 
stop session VI is outside the while loop for the “Scan QY2” VI, which is the VI that saves every 
single laser shot.  The main VI, “Run Quantum Yield Experiment”, has the stop session inside 
the while loop because the main function is to adjust the voltage level on the SPDs before the 
measurement is ready to start collecting shots.  Once the SPDs are set up using the main front 
panel, the experiment will start saving every laser shot when the “scan” button is selected to call 
the “Scan QY2” sub-VI. 
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2.6.5 “Teraherz” VI 
The THz program was converted from the PReP program so it mainly follows the PReP 
program with a few changes that will be discussed here.  The program is for performing optical 
pump-THz probe experiments.38  Because the THz signal is collected in the time domain, a 
second more accurate delay stage is used to scan the heterodyne delay, which will be Fourier-
transformed to give the THz signal.  To run a transient THz absorption experiment, the actinic 
pump needs to also be delayed.  The program will move both the pump delay and the THz probe 
delay based on the inputs.  The program calls the VI “Read Daq for simple scan single PD lock 
in detection”, which will read in channel 1 and channel 2 with a dwell time involved that must 
correspond to the lock-in amplifier time constant. 
2.7 Data Analysis 
The PP and PReP measurements accumulate a lot of data that need to be imported and 
analyzed in a program that can process information efficiently.  Our lab uses data analysis 
software IGOR Pro 5.05A (WaveMetrics), which can be run on Windows or Mac operating 
systems.  IGOR Pro includes a structured programming language with many built-in functions 
and operations.  We use IGOR Pro to generate contour plots and to write programs to do various 
forms of data analysis.  The current procedure for importing data is called DataInputV4_0_1, 
which when using one of the three functions in the procedure will import the PP, PReP, or single 
probe wavelength data.  The main focus of our data analysis is to obtain time constants for 
kinetic studies of the system to understand the excited-state reaction dynamics after excitation.  
The best way to obtain the time constants for 2-dimensional data is to use global and target 
analysis. 
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2.7.1 Global and Target Analysis 
Using a kinetic model, we can derive rate equations for all reaction pathways that are 
involved in the reaction, and we can determine at what rate the concentration of each species is 
changing.39  This is called target analysis and based on the model that we apply to the data, we 
can obtain the species associated spectra (SAS), which represent the emission/absorption spectra 
for the individual species in the model.40  A first approach to figure out the number of species i 
involved, before a specific kinetic model can be estimated, is to fit the data to a sum of 
exponentials, 
 𝑐𝑗(𝑡) =∑𝐴𝑖𝑗
𝑖
∙ 𝑒−𝑘𝑖𝑡 (2-4) 
where Ai and ki are the amplitude and rate constant at wavelength j.  If there are rate constants on 
the order of the pulse duration, then the sum of exponentials needs to be convoluted with the 
instrument response function (IRF), which is usually described by a Gaussian function.  
 𝑐𝑗(𝑡) =∑𝐴𝑗𝑖
𝑖
∙ 𝑒−𝑘𝑖𝑡⨂𝐼𝑅𝐹(𝑡) (2-5) 
 
𝐼𝑅𝐹(𝑡) =
1
√2𝜋𝑤
𝑒
(
𝑡2
2𝑤2
)
 
(2-6) 
 
𝑤 =
𝐹𝑊𝐻𝑀
2√2ln (2)
 
(2-7) 
Equations 2-5, 2-6, and 2-7 are the sum of exponentials convoluted with the IRF, the Gaussian 
IRF, and the pulse duration, w, where FWHM is the full width at half max of the pump pulse.  
An example of a single exponential convoluted with the IRF is,41 
 
𝑐𝑗(𝑡) =
1
2
𝑒−𝑘𝑡𝑒
𝑘2𝑤2
2 (1 + 𝑒𝑟𝑓
𝑡−𝑘𝑤2
𝑤√2 ) 
(2-8) 
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Because we use broadband detection, we obtain transient absorption curves for all 256 
probe wavelengths in a scan.  We can fit our sum of exponentials equation to all 256 nm quickly 
by holding the rates constant and allowing only the amplitudes to vary with wavelength.  Using 
global analysis, we vary the rate constants until we obtain the lowest chi squared value, and the 
varying amplitudes make up the decay associated spectra (DAS).39,40  The DAS are generally 
linear combinations of the SAS.  Once we know the minimum number of rate constants to fit the 
data, we can begin to describe various kinetic models to obtain the SAS.   
The target analysis is a more restrictive fit for the data, and kinetic models can be ruled 
out based on the goodness of the fit and the resulting SAS that do not make physical sense.  For 
each kinetic model proposed, the differential rate equations have to be solved for each species 
involved.  These equations were solved by hand using standard methods to solve differential 
equations.  Alternatively, a routine could be created to solve the rate equations using linear 
algebra.40  Using a routine with matrices, the model could easily be changed to produce different 
equations. 
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2.9  Appendix 
Schematics from IDL 
 
Figure 2-22:  Schematic of Breakout Box 
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Figure 2-23:  Schematic of integrating single photodiode circuit board. 
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Figure 2-24:  Schematic of photodiode array circuit board. 
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Pump-Probe VI List 
Pump-Probe 4.0 
VI name Description 
change std dev 
This VI will pop up when the user has set an unreasonable standard 
deviation to throw out bad pulse.  This pop-up will let the user change 
the error. 
Chopper high or low Checks if the SPD data started with the chopper high or low 
Cluster Scan IN Makes a cluster from the inputs for running a scan 
Cluster Scan OUT pump1 Undoes the cluster to update the scan info 
control gain and fan For the InGaAs array 
convert to mOD PP transmission Converts the voltage signal to mOD for the transmission spectrum 
convert to mOD pump probe Converts the voltage signal to mOD (PDA and SPD) 
Create Array 
Creates an array with 256 elements of integers (0,1,2,…) to mimic the 
pixel numbers in order to make the calibration for the wavelength 
Dark Count for pump probe Main VI to start the dark count 
Generate Gaussian fit 
Enters parameters for making the sum of Gaussians to fit the Holmium 
Oxide to calibrate the grating 
Get transmission spectrum pump 
probe Makes the transmission spectrum 
Last step Calculates what the last ps will be in a scan for a long scan 
Linear regression 
Fits the input wavelengths to a linear line and outputs the slope and y-
intercept 
Long Scan entering values 
Changes the step size during the scan based on the values entered on the 
front panel 
Move Position Moves one stage 
OFF avg laser shots no spd 
Calculates the new average (number of laser shots) of the OFF pulses 
and the standard deviation of the mean w/o the SPD 
OFF avg laser shots 
Calculates the new average (number of laser shots) of the OFF pulses 
and the standard deviation of the mean w/ the SPD 
OFF stats only 
Will throw out OFF pulses outside of 3 standard deviations in the block 
of 50 based on the OFF pulses on the SPD.  Replaces the values with 
NaN. 
OFF stats pump probe 
Will throw out OFF pulses outside of 3 standard deviations in the block 
of 50 based on both ON and OFF pulses on the SPD.  Replaces the 
values with NaN. 
ON avg laser shots no spd 
Calculates the new average (number of laser shots) of the ON pulses 
and the standard deviation of the mean w/o the SPD 
ON avg laser shots 
Calculates the new average (number of laser shots) of the ON pulses 
and the standard deviation of the mean w/ the SPD 
ON stats Only 
Will throw out ON pulses outside of 3 standard deviations in the block 
of 50 based on the ON pulses on the SPD.  Replaces the values with 
NaN. 
On Stats pump probe 
Will throw out ON pulses outside of 3 standard deviations in the block 
of 50 based on both ON and OFF pulses on the SPD.  Replaces the 
values with NaN. 
Pump Probe 4.0 Main VI to run pump-probe 
Pump Probe IR Detection 4.0 Main VI to run pump-probe with InGaAs detector 
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Pump-Probe 4.0 Continued 
read 2 card voltage 
Creates analog session and configures the session's timing mode for 
PDA and SPD 
Read Daq and Separate for dark 
count pump probe 
Reads data and separates the ON and OFF pulses and averages them for 
Dark count 
Read Daq and Separate pump 
probe Reads data and separates the ON and OFF pulses and averages them 
Read Position Reads the current position of the stage 
Rearrange transmission cluster 
Rearranges the cluster IN from the Transmission cluster IN to the 
Transmission cluster OUT 
Save transmission Saves the transmission 
Scan 4.0 Runs the scan/measurement and saves the data 
Scan Save pump1 Opens the file and creates header 
Separate ON and OFF and 
average SPD for pump probe Separates the ON and OFF and averages them for the SPD data read 
Separate ON and OFF pump 
probe Separates the ON and OFF pulses from the PDA 
Separate ON and OFF separates the ON and OFF pulses from the PDA 
Separating array pump probe no 
spd makes initial average and std dev for PDA 
Sort out NaN OFF pump probe Takes NaN out of the OFF array 
Sort out NaN ON pump probe Takes NaN out of the ON array 
Stage 
Initializes the selected serial port and outputs the port number (3) for 
moving the stages 
Sum Gaussians Generates the spectrum with the input parameters 
Time Zero 
Sets the time zero to zero and reads the current position (corrected for 
the time zero) 
Transmission 3.4 
VI that pops up to calibrate the wavelength and can take a transmission 
spectrum 
Transmission cluster IN3 Makes cluster for the calibration inputs 
transmission cluster OUT Undoes cluster of the calibration outputs 
UeiDaqConfigureStartTrigger2 Configures start trigger for SPD 
UeiDaqConfigureTimingForBuf
feredO2 Configures the session to set the pace of the acquisition for SPD 
UeiDaqReadScaledData7 Reads data from card SPD 
UeiDaqRefnumToSession2 Convert a session refnum to a session for SPD 
UeiDaqStartSession2 Start the session of SPD 
UeiDaqStopSession2 Stops the session of SPD 
Write to file Writes the position and data to file 
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PReP VI List 
PReP 4.0 
VI name Description  
check mark a control, checks on the plot 
Cluster Scan IN pump1 and pump2 makes a cluster from the inputs for moving both delay stages 
Cluster Scan IN pump1 prep makes a cluster from the inputs for moving stage 1 
Cluster Scan IN pump2 makes a cluster from the inputs for moving stage 2 
Cluster Scan OUT pump1 prep undoes the cluster to update the scan info. moving stage1 
Cluster Scan out pump2 undoes the cluster to update the scan info. moving stage 2 
cluster scan pump1 and 2 out undoes the cluster to update the scan info. moving both stages 
Control gain and fan prep For the InGaAs array 
convert to mOD pump repump converts the voltage signal to mOD 
Count boolean prep 
out puts a number based on which delay stage is moving for 
the case that will select which scan VI to call 
Create Array prep 
creats an array with 256 elements of integers (0,1,2,…) to 
mimic the pixel numbers inorder to make the calibration for the 
wavelength 
Dark Count for PD array pump repump Main VI to start the dark count 
Generate Gaussian fit prep 
enters parameters for making the sum of gaussians to fit the 
Holmium Oxide to calibrate the grating 
Get transmission spectrum pump repump get the transimission spectrum 
Last step prep Calculates what the last ps will be in a scan for the long scan 
Linear regression prep 
fits the input wavelengths to a linear line and outputs the slope 
and y-intercept 
Long Scan entering values prep 
Changes the step size during the scan based on the values 
entered on the front panel 
Move both stages prep Moves both stages and reads the new position 
Move Position prep Moves one stage 
Move Position two stages 2 Moves the other stage 
OFF avg laser shtos PReP 
calculates the new average (number of laser shots) and the 
standard deviation of the mean 
OFF Stats prep 
Will throw out pulses outside of 3 standard deviations in the 
block of 25.  Replaces the values with NaN.  In the PReP 
program this is looking at either the ON OFF, ON ON, OFF 
ON, OR OFF OFF.  The name of the VI is from the PP.  Does 
not look at just the OFF pulses 
ON avg laser shots PReP 
calculates the new average (number of laser shots) and the 
standard deviation of the mean 
On Stats prep 
Will throw out pulses outside of 3 standard deviations in the 
block of 25.  Replaces the values with NaN.  In the PReP 
program this is looking at either the ON OFF, ON ON, OFF 
ON, OR OFF OFF.  The name of the VI is from the PP.  Does 
not look at just the OFF pulses 
probe custom indicator an indicator/control of the probe pulse and slide 
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PReP 4.0 Continued 
promt user delay 2 inputs ask user to select which stage to delay 
Pump 2 custom indicator an indicator/control of the pump2 pulse and slide 
Pump Repump Probe main VI for PReP 
Pump Repump Probe with IR detection 
4.0 main VI for PReP with IR detection 
Read Both Position prep Reads both stages 
Read Daq and sep for dark count pump 
repump 
reads data and separates and averages the 4 signals for the dark 
count 
Read Daq and Separate pump repump reads data and separates and averages the 4 signals 
Read Position 2 reads position 
Read Position prep reads position 
Read Voltage prep creates analog session and configures the session's timing mode 
Rearrange transmission cluster pump 
repump 
rearranges the cluster IN from the Transmission cluster IN to the 
Transmission cluster OUT 
Save transmission prep Saves the transmission 
Scan fixed pump2 4.0 
VI to run the scan when fixing the delay between pump 2 and 
probe for an action trace 
Scan pump1 4.0 prep VI to run the scan when delaying stage 1 
Scan pump2 4.0 VI to run the scan when delaying stage 2 
Scan pump1 and pump 2 4.0 VI to run the scan when delaying both stages 
Scan save pump1 and pump2 saves the scan for delaying both stages 
scan save2 pump2 saves the scan for delaying stage 2 
scan save2 pump1 PReP saves the scan for delaying stage 1 
separate ON and OFF pump repump separates the ON OFF, OFF ON, ON ON, and OFF OFF signals 
separating array pump repump 
separates the ON OFF, OFF ON, ON ON, and OFF OFF signals 
and averages them, then goes in VI to check against 3 standard 
deviation then outputs new average and standardeviation 
Sort out NaN OFF prep takes NaN out of the array 
Sort out NaN ON prep takes NaN out of the array 
Stage prep 
initializes the selected serial port and outputs the port number 
(3) for moving the stages 
Sum Gaussians prep generates the spectrum with the input paramenters 
Time Zero two stages 
Sets the time zero to zero and reads the current position 
(corrected for the time zero) 
Transmission 3.5 
VI that pops up to calibrate the wavelength and can take a 
transmission spectrum 
Transmission cluster IN pump repump makes cluster for the calibration inputs 
transmission cluster OUT prep undoes cluster of the calibration outputs 
Write to file pump2 prep writes the position and data to file 
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SPD VI List 
Single Photodiode 4.0 
Name of VI Description 
avg laser shots single PD PUMP 
Calculates the weighted mean and standard deviation of the 
mean 
avg laser shots single PD ref 
Calculates the mean and standard deviation of the signal and 
reference 
avg laser shots single PD Calculates the mean and standard deviation of the signal 
Cluster Scan IN SPD basic scan Makes a cluster from the inputs for scan 
Cluster Scan OUT pump1 Undoes the cluster to update the scan info. 
Cluster SP basic scan Voltage for 
dark count Initial VI before calling the VI that reads in the data 
Convert to mOD SPD Converts to mOD 
Dark Count for single PD basic scan First VI that will call to read the data and tell the user what to do 
High or Low Chopper Checks if the SPD data is chopper high or low 
Last step Calculates what the last ps will be in a scan for the long scan 
Long Scan entering values 
Changes the step size during the scan based on the values entered 
on the front panel 
Move Position Moves one stage 
OFF Stats Spd 
Will throw out OFF pulses outside of 3 standard deviations 
based on the pump pulses in the block of 50.  Replaces the 
values with NaN 
ON Stats SPD 
Will throw out ON pulses outside of 3 standard deviations based 
on the pump pulses in the block of 50.  Replaces the values with 
NaN 
pick x range to fit 
Picks out the data points so that the Gaussian fit is in the range 
the user wants 
Read Daq for simple scan single PD 
check pump pulse 
Reads data, checks choppers, separates ON and OFF and 
averages (removes pulses based on pump pulses), and averages 
again based on number of shots for 2 channels (output is 1 
channel) 
Read Daq for simple scan single PD 
Dark count VI to select which type of experiment to run for the dark count 
Read Daq for simple scan single PD 
lock in detection 
Reads the data and averages all the shots (voltage) for two 
channels 
Read Daq for simple scan single PD 
voltage only 
Reads the data and averages all the shots (voltage) for one 
channel 
Read Daq for simple scan single PD 
with anisotropy 
Reads data, checks chopper, separates ON and OFF and 
averages, and averages again based on number of shots for 2 
channels 
Read Daq for simple scan single PD 
with reference 
Reads data, checks chopper, separates ON and OFF and 
averages, and averages again based on number of shots for 2 
channels 
Read Daq for simple scan single PD 
Reads data, checks chopper, separates ON and OFF and 
averages, and averages again based on number of shots for 1 
channel 
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Single Photodiode 4.0 Continued 
Read Position Reads the current position of the stage 
Read Voltage for simple scan single 
PD 
Creates analog session and configures the session's timing mode 
for SPD 
Scan for SPD for anisotropy Run scan and save data for 2 channels 
Scan for SPD for basic scan Run scan and save data for 1 channel 
Scan Save2 spd Opens file and creates header 
Separate ON and OFF and average 
single PD w anisotropy Separates and averages the ON and OFF pulses for 2 channels 
Separate ON and OFF and average 
single PD w PUMP 
Separates and averages the ON and OFF pulses for 1 channel and 
removes pulses against the pump pulse 
Separate ON and OFF and average 
single PD w reference Separates and averages the ON and OFF pulses for 2 channels 
Separate ON and OFF and average 
single PD Separates and averages the ON and OFF pulses for 1 channel 
Single Photodiode 4.0 Main VI to run with the SPD 
Sort out NaN OFF SPD Takes NaN out of the OFF 
Sort out NaN ON SPD Takes NaN out of the ON 
Stage 
Initializes the selected serial port and outputs the port number (3) 
for moving the stages 
Time Zero 
Sets the time zero to zero and reads the current position 
(corrected for the time zero) 
Write to file single PD anisotropy Writes the position and mOD/voltage both channels data to file 
Write to file single PD Writes the position and mOD/voltage one channel data to file 
 
 
Quantum Yield VI List 
Quantum Yield 
Name of VI Description 
Read Daq for QY Measurement Reads data for 2 channels 
Read Voltage for QY measurement 
Creates analog session and configures the session's timing mode 
for  SPD 
Run Quantum Yield Experiment Main VI 
Scan QY2 VI that will start saving the experiment as soon as it is opened 
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THz VI List 
THz 
Name of VI Description 
Scan 2 delay stages THz Scan and save data and moves both stages 
THz Program Main VI 
Write to file THz Writes the data for 2 channels and position of both stages 
    
VI's called from other programs 
Cluster Scan IN pump1 and pump2 Makes a cluster from the inputs for moving both delay stages 
Cluster Scan pump1 and 2 OUT Undoes the cluster to update the scan info. moving both stages 
Last Step Calculates what the last ps will be in a scan for the long scan 
Move Position Moves one stage 
Move Position two stages 2 Moves the other stage 
Read Both Position prep Reads both stages 
Read Daq for simple scan single PD 
lock in detection 
Reads the data and averages all the shots (voltage) for two 
channels 
Read Position Reads position 
Read Position 2 Reads position 
Read Voltage for simple scan single 
PD 
Creates analog session and configures the session's timing mode 
for SPD 
stage 
Initializes the selected serial port and outputs the port number (3) 
for moving the stages 
Stage prep 
Initializes the selected serial port and outputs the port number (3) 
for moving the stages 
Time Zero two stages 
Sets the time zero to zero and reads the current position (corrected 
for the time zero) 
 
 
 
  
 
101 
 
3. Chapter Three:  Controlling the Excited-State Reaction Dynamics of a 
Photochromic Molecular Switch with Sequential Two-Photon Excitation1 
3.1 Overview 
Sequential two-photon excitation increases the cycloreversion yield of a diarylethene 
photochromic molecular switch compared with one-photon excitation. This chapter shows that 
an optimal delay of ~5 ps between primary and secondary excitation events gives the largest 
enhancement of the ring-closing reaction. Pump-probe (PP) and pump-repump-probe (PReP) 
measurements also provide detailed new information about the excited-state dynamics. The 
initially excited molecule must first cross a barrier on the excited-state potential energy surface 
before secondary excitation enhances the reaction. The PReP experiments demonstrate that the 
reaction path of a photochromic molecular switch can be selectively controlled through judicious 
use of time-delayed femtosecond laser pulses. 
3.2 Introduction 
Photochromic molecular switches reversibly convert between isomers with very different 
optical and electronic properties. These compounds not only have important technological 
applications,2,3 but also provide convenient model systems for studying excited-state dynamics.4,5 
For example, transient absorption spectroscopy has been used to study the reversible reactions of 
many diarylethene derivatives that switch between open- and closed-ring isomers.6-10 The closed-
ring isomers generally have a strong absorption band in the visible region of the spectrum due to 
extended π-conjugation along the backbone of the molecule, which is disrupted in the optically-
transparent open-ring form. Ultraviolet excitation of the open-ring isomer initiates an efficient 
electrocyclization reaction that produces the closed-ring isomer in high yield, whereas visible 
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excitation of the closed-ring isomer induces the reverse (cycloreversion) process with a typical 
yield of only a few percent.11,12 Diarylethene derivatives are ideal candidates for optical data 
storage, because UV light can “write” data by efficiently converting molecules from the 
transparent to the colored form, while taking advantage of the low yield of cycloreversion for 
non-destructive read-out in the visible.2 
Several previous studies have examined the ring-opening reactions of diarylethene 
compounds in order to better understand, and even exploit, the inefficient ring-opening 
reaction.13-21 Notably, Irie and coworkers22-27 demonstrated that sequential two-photon excitation 
by a single 15-ps laser pulse enhances the cycloreversion yield of several molecular switches. 
Those authors proposed a mechanism in which one photon initially promotes the molecule to the 
lowest excited state, and then a second photon re-excites the molecule to a higher-lying state 
with more favorable cycloreversion yield. The larger cycloreversion yield for sequential two-
photon excitation, compared with one-photon excitation, provides a promising mechanism for 
erasable data storage without sacrificing the capability for non-destructive (one-photon) read-out. 
Irie and coworkers22-27 confirmed the sequential nature of the two-photon excitation process by 
showing that intense 15-ps laser pulses enhance the conversion yield, whereas 100-fs duration 
pulses with the same peak intensity do not affect the yield. Presumably the system must evolve 
on the excited-state potential energy surface between the two excitation events. A related 
experiment by Tani, et al.25 used two time-delayed 15-ps laser pulses to show that the 
enhancement decreases on the same timescale as the excited-state lifetime of the molecule, but 
that work did not provide any specific details about the dynamics in the excited state due to the 
limited time resolution of the measurement. 
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In this chapter, we provide new experimental evidence that clarifies the mechanism of the 
sequential two-photon excitation process and reveals novel information about the excited-state 
dynamics of the ring-opening reaction for 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluoro-
cyclopentene (DMPT-PFCP). We use pump-probe (PP) and pump-repump-probe (PReP) 
techniques to show for the first time that there is an optimal delay between primary and 
secondary optical excitation in order to maximize the yield of the ring-opening reaction. PReP 
experiments also provide a more detailed view of the excited-state dynamics than is available 
from PP alone. We show that simply populating the higher-lying excited state is not enough to 
enhance the cycloreversion reaction yield, but rather the region of the excited-state potential 
energy surface from which the molecule is re-excited determines the outcome of the reaction.  
3.3 Experimental Set-up 
Pump-probe (PP) and pump-repump-probe (PReP) experiments were performed with a 
Ti:sapphire laser (Legend Elite; Coherent) that produces 35 fs laser pulses with a 1 kHz 
repetition rate. Non-linear frequency conversion of the 800 nm fundamental in two separate 
optical parametric amplifiers (TOPAS; Light conversion) generates the independently tunable 
500 nm pump pulses. Focusing a small portion of the 800 nm laser fundamental into a 2 mm 
CaF2 crystal generates broadband probe light in the range 350-650 nm. After overlapping all 
three beams in the sample, the probe light is dispersed onto a photodiode array for broadband 
detection. Two-beam PP experiments follow the usual techniques for shot-to-shot detection.28 
Three-beam PReP experiments use two choppers, one in each of the pump beams. One chopper 
operates at 500 Hz to block alternating laser pulses, while the other chopper operates at 250 Hz 
and blocks two successive pulses in order to obtain all four possible combinations of pump 
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pulses (on-on, on-off, off-on, and off-off).29 The pump pulses have a duration of ~190 fs 
(FWHM), power of ~20 µJ, and a spot size of 1 mm at the sample. 
The sample consists of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(DMPT-PFCP; TCI America) dissolved in cyclohexane (ACS reagent grade, Sigma-Aldrich). 
Irradiating the sample with 254 nm light from a UV lamp produces a photostationary state in 
which the closed-ring isomer has an absorbance value of 0.15 at 570 nm. This solution flows 
continuously through a cuvette with path length of 0.5 mm in order to refresh the sample 
between laser shots. Measurements for neat cyclohexane under the same conditions confirm that 
the solvent does not contribute to the signal in either the PP or PReP experiments, including the 
positive signal at Δt12 = 0 ps.  
3.4 Pump-Probe Results 
Figure 3-1 shows the transient absorption spectrum following 500 nm excitation of 
DMPT-PFCP in cyclohexane. Our PP experiments reveal a ground-state bleach (GSB) centered 
near 560 nm, with partially overlapping excited-state absorption (ESA) bands at both higher and 
lower energy. The bottom panel of the figure shows the temporal evolution of the ESA and GSB 
signals at 410 and 560 nm, respectively. The ESA bands decay to the baseline within ~20 ps, 
while the GSB recovers to a constant negative offset on a slightly longer timescale. The residual 
bleach lasts beyond the duration of our scans (800 ps) and is a result of the cycloreversion 
reaction converting a small fraction of the initially-excited molecules to the transparent open-ring 
isomer.30  
The PP data at individual wavelengths are generally well-fit with a bi-exponential 
function. All of our fits start at a time delay of 1 ps because the measurements do not fully   
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Figure 3-1:  Transient absorption signal following 500 nm excitation of the open-ring isomer of 
DMPT-PFCP. Top panel shows the transient spectrum at various pump-probe delay times (solid 
lines), as well as the ground-state absorption spectrum of the closed-ring isomer (dashed line). 
Bottom panel shows the temporal evolution at 410 nm (open circles) and 560 nm (closed circles). 
Solid lines are biexponential fits to the data at each wavelength, giving the time constants shown. 
Values in parentheses are estimated 2 uncertainties. 
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resolve a polarization-dependent change of the transient absorption within the first few hundred 
femtoseconds, so the transient absorption signals are independent of the relative polarization of 
pump and probe laser pulses.   
The single-wavelength fits in the bottom panel of Figure 3-1 clearly show that the 
picosecond-scale decay of the ESA and recovery of the GSB share only one common timescale. 
Therefore, we use a tri-exponential function for a global fit to the data in which we restrict the 
time constants to be the same at all wavelengths and allow only the amplitudes to change across 
the spectrum. This global analysis gives time constants of 3.8 ± 0.3 ps, 8.6 ± 0.9 ps, and 90 ± 30 
ps (estimated 2 uncertainties). The quality of the global fit is significantly better for a tri-
exponential function compared with a bi-exponential function even though the slowest 
component has relatively small amplitude at all wavelengths. The large uncertainty of the 
slowest time constant is due to the small amplitude as well as a slight wavelength-dependence of 
that component. Single-wavelength fits indicate a continuously varying timescale ranging from 
roughly 65 to 110 ps, whereas the single time constant from the global fit gives a weighted 
average and is justified by the separation of timescales relative to other components. Decay-
associated spectra (DAS) obtained from the global fit,31 shown in Figure 3-2, confirm that the 
ESA bands decay bi-exponentially with the first two time constants and the GSB recovers with 
the two longer time constants, consistent with the single-wavelength fits in Figure 3-1.  
The DAS in Figure 3-2 are obtained from global fits to the transient absorption data with 
the tri-exponential function in equation 3-1. 
 y = A ∙ e(k1∙t) + B ∙ e(k2∙t) + C ∙ e(k3∙t) + offset (3-1) 
The parameters A, B, and C are amplitudes (in units of mOD), and k1, k2, and k3 are the rate 
constants (ps-1).  Holding the three exponential rate constants fixed across the entire  
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Figure 3-2:  Decay-associated spectra obtained from global fits to the transient absorption data 
using a triexponential function.  Solid lines give the amplitudes related to each of the time 
constants and a constant offset.  For reference, dashed lines show the transient absorption 
spectrum at pump-probe delay times of 0.5 and 200 ps. 
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spectrum and allowing the amplitudes to vary with wavelength gives best fit values of k1 = (3.8 
ps )–1, k2 =(8.6 ps)
-1, and k3 =(90 ps)
-1. 
The Figure 3-2 compares the resulting DAS (solid lines) with the transient absorption 
signal at early and late delay times (dashed lines). From the DAS, it is clear that k1 is only found 
in the ESA because the amplitude, A, goes to zero in the bleach region.  The third rate constant, 
k3, only contributes in the region of the ground-state bleach. In contrast, k2 contributes to both 
the ESA and GSB.   
Our results indicate a sequential four-step process in the deactivation of DMPT-PFCP. 
The initial ππ* excitation accesses the lowest excited state (1B), which is strongly coupled to a 
totally-symmetric dark state (2A; π*π*) that plays the prominent role in the cycloreversion 
reaction.32,33 The 1B2A electronic dynamics (sub-fs time constant) have been well-studied in 
the ring-opening reaction of cyclohexadiene and other related systems that undergo 6 
cycloreversion.5,34-37 Similar to the initial ultrafast electronic relaxation (1B2A), the ~3 ps 
decay of the ESA must be entirely a result of dynamics on the adiabatic S1 excited state because 
that component does not contribute to the GSB recovery. In contrast, the ~9 ps component is the 
timescale for internal conversion from S1 back to the ground state (ESA decay and partial GSB 
recovery). The weaker, wavelength-dependent contribution to the GSB recovery on a timescale 
of ~90 ps is from vibrational cooling in the ground state.38 Vibrational energy transfer to the 
solvent is relatively slow in this case because cyclohexane is a very weakly interacting solvent.39  
This overall picture of the excited-state dynamics is very similar to the predicted behavior 
from a computational study of diarylethene ring-opening reactions by Boggio-Pasqua, et al.,16 
where the experimental ~3 ps decay represents an activated barrier crossing on S1 followed by 
motion in an orthogonal coordinate that accesses a conical intersection with the ground state in 
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~9 ps. According to the calculations, the barrier is a result of steric effects along the symmetric 
bond-breaking reaction coordinate, whereas the conical intersection lies along an asymmetric 
torsional coordinate that involves dihedral rotation of an aryl ring relative to the nascent ethylene 
bridge.16 The global fit to the experimental PP data masks a slight wavelength dependence of the 
~3 ps component due to spectral evolution within the first few picoseconds that we assign to the 
torsional motion. Bi-exponential fits at the individual wavelengths, similar to those in Figure 3-1, 
give decay times that are slightly longer on the edges of the ESA bands, consistent with spectral 
evolution due to excited-state vibrational dynamics after crossing the S1 barrier. In other words, 
we believe the barrier crossing occurs on a timescale that is slightly faster than the 3.8 ps 
weighted-average that we obtain from the global analysis. The PReP experiments confirm this 
picture of the excited-state dynamics, as described below. The existence of an excited-state 
barrier in the ring-opening reaction path has been confirmed experimentally18,21 and 
theoretically15,16 for a number of diarylethene derivatives, but this is the first time it has been 
explicitly identified in the PP of DMPT-PFCP. 
3.5 Sequential Two-Photon Excitation Results 
Pump-repump-probe (PReP) experiments provide additional information about the 
excited-state reaction dynamics by selectively manipulating the excited-state population as a 
function of time.29,40-43 The measurements involve two time-delayed femtosecond pump pulses 
and a third (probe) pulse that records the induced change of the transient absorption. In the action 
measurements reported here, we scan the relative delay Δt12 between the two pump pulses, while 
leaving the probe pulse at a fixed delay of 200 ps. The difference signal,  
 ΔΔAPReP = ΔABoth – ΔAPump1 – ΔAPump2, (3-2) 
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gives the change in transient absorption due to the action of both pump laser pulses acting on the 
sample (ΔABoth), while accounting for the change due to each individual pump pulse (ΔAPump1 
and ΔAPump2).
29 A negative signal in ΔΔAPReP represents an enhancement of the ground-state 
bleach compared with one-photon excitation. 
The top panel of Figure 3-3 shows the action spectrum of DMPT-PFCP obtained from a 
PReP measurement with two 500 nm pump pulses at a relative delay of Δt12 = 5 ps. The action 
spectrum matches the inverse of the ground state absorption because the double excitation from 
two laser pulses enhances the cycloreversion yield, and therefore amplifies the ground-state 
bleach measured 200 ps later. The lower panel of the figure shows the temporal evolution as a 
function of delay Δt12. The signal is approximately symmetric in time (as long as Δt12 is small 
compared with the probe delay) because the two pump pulses are of the same wavelength and 
intensity.  
The PReP signal is positive when the two pump pulses overlap in time, then it becomes 
negative as the two pulses move apart. The positive signal comes from increasing the ground 
state population of the closed-ring isomer via non-resonant, simultaneous two-photon (Pump1 + 
Pump2) excitation and electrocyclization of residual open-ring isomer.44 The open-ring isomer is 
always present in solution because we prepare the sample as a mixture of the two isomers at the 
photostationary state by irradiating with a UV lamp.12 The figure inset shows that the positive 
signal is observed even for a pure solution of the open-ring isomer, and that the open-ring isomer 
only contributes to the signal when the two pump pulses overlap in time. Although the positive 
two-photon excitation signal is not related to the ring-opening reaction, it provides a convenient 
measure of the cross-correlation of the two pump pulses. As the delay between the two pump 
pulses increases, the difference signal becomes negative due to an enhancement of the GSB via   
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Figure 3-3:  Pump-repump-probe (PReP) action signal for DMPT-PFCP. Top panel compares the 
action spectrum recorded for a delay of 5 ps between pump pulses (open circles) with a scaled 
and inverted absorption spectrum of the ground-state (dashed line). Bottom panel shows the 
temporal evolution of the enhanced ground-state bleach (open circles) fit with a biexponential 
function (solid line). Inset compares the instrument-response obtained from a pure sample of the 
open-ring isomer (closed circles), with the action signal from the sample of mixed isomers (open 
circles). See text for details.  
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sequential excitation of the closed-ring isomer. The temporal evolution of the enhanced bleach 
signal is well-resolved with our time-resolution of ~350 fs (see the inset of Figure 3-3). 
Importantly, the PReP signal reaches its most negative value at a delay of ~5 ps, before 
decaying to the baseline at longer delay times. A fit to the action trace assuming sequential 
kinetics gives time constants of 2.9 ± 0.6 and 11 ± 2 ps for the rise and decay, respectively, of the 
bleach enhancement. The time constants from the PReP experiment are similar to the PP 
timescales of ~3.8 ps for barrier crossing and ~8.6 ps for internal conversion back to the ground 
state. Although the two sets of values agree within the estimated uncertainties, we attribute the 
slight discrepancy to lower signal-to-noise in the PReP experiment as well as the wavelength-
dependence of the 3.8 ps component from PP. Single-wavelength fits to the PP data near the 
center of the ESA bands, as in Figure 3-1, indicate that the barrier crossing is slightly faster than 
the weighted-average of 3.8 ps from the global fits. 
An alternative explanation that could explain a slightly longer decay of the PReP action 
signal, ~11 ps compared with ~9 ps from PP, is that the second pump pulse re-excites molecules 
from the highly vibrationally-excited ground state following ~3 ps internal conversion.30,41,45 
However, this scenario is unlikely, because the GSB does not recover to any extent on the ~3 ps 
timescale, even though the hot ground-state should at least partially recover the ground-state 
spectrum upon internal conversion. Furthermore, Shim et al.17 showed that the time-resolved 
fluorescence of a very similar diarylethene derivative decays with two timescales (4 ps and 22 
ps, in that compound), which can only be explained with two decay times in the excited state. 
We are also confident that stimulated emission does not contribute to the 2.9 ps rise of the PReP 
signal,42,43 because the molecule relaxes from the 1B bright state to the 2A state within ~100 fs 
following the initial excitation. Therefore, we expect not only a rapid Stokes shift to wavelengths 
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longer than the 560 nm maximum of the GSB, but also very weak fluorescence due to the low 
oscillator strength between 2A(π*π*) and the 1A(ππ) ground state.5 Our PP results show no sign  
of stimulated emission anywhere in the probe window, because we observe only a decay of the 
ESA with no apparent increase of the transient absorption on a timescale of ~3 ps, as would be 
expected for stimulated emission decaying on that timescale. 
3.6 Discussion 
Figure 3-4 contrasts the initial behavior of the GSB signal in the PP experiment with the 
action signal from the PReP measurement. The PP measurement reveals the decay-associated 
spectra (DAS),31 including contributions from both GSB and ESA, but the PReP signal more 
closely resembles the behavior of a species-associated spectrum (SAS) and therefore tracks the 
evolution of a subset of the excited-state population. In other words, the PReP experiment 
distinguishes two different populations on the excited state because the secondary (re-pump) 
excitation pulse has a different effect for molecules before and after the barrier on S1. The 
schematic diagram in Figure 3-5 illustrates the possible reaction pathways. Re-excitation of a 
molecule before it crosses the S1 barrier has no impact on the overall reaction yield, whereas re-
excitation of a molecule that has already overcome the barrier but not yet relaxed to the ground 
state enhances the electrocyclization reaction. Such behavior suggests that the topology of the 
higher excited states (or even the identity of the accessible states) changes dramatically as a 
molecule moves along the reaction path.  
Previous calculations provide some mechanistic insight. For example, the S1 barrier lies 
along the C–C bond-breaking coordinate.16 Thus, re-exciting the molecule to a higher excited 
state before the disintegrating bond stretches beyond a certain limit has little effect on the 
reaction yield, probably because the system efficiently returns to the same region of the excited- 
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Figure 3-4:  Comparison of the transient absorption signal from pump-probe (PP; closed circles) 
with the action signal from pump-repump-probe (PReP; open circles). Solid lines are 
biexponential fits to the data.  
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state potential that is responsible for the low-yield one-photon reaction. However, re-exciting the 
molecule after it crosses the S1 barrier, thus breaking the sigma bond, accesses higher excited 
states that couple more efficiently to a pathway favoring the open-ring product. Overall, this 
picture is consistent with the theoretical prediction that barriers also exist on the higher excited 
states.15 Presumably, these barriers in the higher-excited state prevent internal conversion to a 
reactive channel, and instead favor a return to the less reactive region of the S1 state. The 
calculated barrier heights, which diminish with increasing excitation level, seem to 
underestimate the effect that we observe, because there is no evidence for overcoming the barrier 
in the higher excited states. After crossing the barrier on S1, however, the system moves along an 
orthogonal coordinate to reach the S1/S0 conical intersection, according to the calculations by 
Robb and coworkers.16 This motion is probably related to the few-ps spectral evolution that we 
attribute to vibrational dynamics on the excited state, but does not seem to influence the reaction 
yield upon re-excitation because the PReP signal increases on a timescale that is slightly faster 
than the spectral evolution in the wings of the ESA bands. Crossing the barrier on S1 is the 
defining factor in determining whether or not re-excitation leads to an enhanced yield of the ring-
opening reaction. 
The next two chapters will look at the results from varying the wavelengths of the two 
pump pulses in the PReP experiment. Initial results indicate that the timescale for crossing the S1 
barrier does not depend on the initial excitation energy. In contrast, the rise of the PReP signal 
changes substantially with large changes in the wavelength of the second pump pulse because the 
enhancement of the cycloreversion yield is sensitive to the identity and/or region of the higher 
excited state that is accessed. 
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Figure 3-5:  Schematic diagram of the reaction dynamics for one- and two-photon excitation of 
the closed-ring isomer of DMPT-PFCP. Straight arrows represent optical excitation and re-
excitation with 500 nm photons, curved arrows indicates proposed reaction pathways, with 
experimentally determined timescales. The 1B and 2A symmetry labels indicate the changing 
electronic character of the S1 excited state that is responsible for the initial ~100 fs anisotropic 
change in the transient absorption signal.  
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3.7 Conclusion 
In conclusion, we have demonstrated that the reaction path of a photochromic molecular 
switch can be controlled by judicious use of time-delayed femtosecond laser pulses. These 
experiments provide both a means of enhancing the product yield and a deeper understanding of 
the structural aspects of the excited-state dynamics. Only through the PReP technique are we 
able to distinguish the mechanism that is responsible for enhancing the cycloreversion yield upon 
sequential two-photon excitation. The delayed enhancement confirms that the S1/S0 conical 
intersection is not accessible until after crossing a barrier on S1, as indicated by earlier 
calculations.16 The PReP measurement tracks the excited-state dynamics more directly than PP, 
because the action signal preferentially follows a single population on the excited state, and will 
further map out the excited-state potential energy surfaces of DMPT-PFCP. 
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4 Chapter Four:  Mapping the Cycloreversion Dynamics of a Photochromic 
Molecular Switch via Sequential Two-Photon Excitation to Higher Excited States 
4.1 Overview 
The ring-opening reaction of a photochromic molecular switch is explored through 
excitation to the first and higher excited states. Along with increasing the ring-opening quantum 
yield, sequential two-photon excitation is a sensitive probe of the excited-state dynamics.  By 
probing the enhancement in the quantum yield after re-excitation with 800 nm, we are mapping 
the dynamics of a new, but different, higher excited state then previously reported.  Re-excitation 
of the excited state molecules with 800 nm, instead of 500 nm, resulted in a nearly-instantaneous 
enhancement in the yield.  The first ~100 fs in the yield measurement suggest that the molecules 
must move out of the initially prepared Franck-Condon region and undergo a change in 
electronic character before secondary excitation enhances the product formation.  One-photon 
excitation directly to the higher excited state has the same quantum yield and ps-scale dynamics 
as direct excitation to S1 suggesting that controlling the yield outcome can only occur with 
proper time delay between two excitation pulses.  Combining the one- and two-photon 
spectroscopic techniques provides new information about the photochemical reaction and 
specifically how to use the higher potential energy surfaces to manipulate the cycloreversion 
reaction. 
4.2 Introduction 
Photochromic molecular switches play an increasingly important role in applications 
ranging from biological imaging to molecular electronics.1,2 Many of these compounds, 
including the prototypical molecule in Figure 4-1, are diarylethene (DAE) derivatives that 
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reversibly switch between open- and closed-ring isomers with very different electronic 
properties. The commercially available molecule in the figure, 1,2-bis(2,4-dimethyl-5-phenyl-3-
thienyl)perfluorocyclopentene (DMPT-PFCP), is popular because of the excellent thermal 
stability of both isomers and an ability to optically cycle between those isomers many times 
without degrading.2 DMPT-PFCP is a particularly promising medium for optical data storage 
because the electrocyclization reaction is very efficient, but the one-photon quantum yield for 
cycloreversion is below ~2%.3 Thus, UV light “writes” data by readily converting transparent 
molecules to the colored form, whereas the strong visible absorption of the closed-ring isomer 
allows nondestructive “read-out” due to the very low yield for the reverse reaction.2 Extensive 
studies by Irie, Miyasaka, and coworkers suggest that a sequential two-photon mechanism can 
also “erase” data by dramatically increasing the cycloreversion yield under intense irradiation 
with a picosecond laser pulse.4-9 An ability to selectively control the isomerization reaction using 
one- versus two-photon excitation makes this compound an ideal candidate for a wide range of 
optoelectronic applications even beyond data storage. 
Sequential two-photon cycloreversion of DMPT-PFCP, as demonstrated in the 
experiments of Miyasaka and co-workers,4-9 is a resonant process in which the leading edge of an 
intense few-ps laser pulse prepares molecules on the S1 excited state and the trailing edge of the 
same laser pulse re-excites those molecules to a higher excited state. Importantly, the sequential 
excitation substantially increases the yield of the ring-opening reaction compared with single 
excitation. The enhanced reaction yield was not observed for shorter-duration (~100 fs) laser 
pulses with comparable peak intensity, indicating that the system must evolve in the excited state 
before absorbing a second photon. We recently confirmed this hypothesis and showed that two 
time-delayed femtosecond laser pulses provide a sensitive means of controlling the  
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Figure 4-1:  Static absorption spectra of the open-ring (blue) and closed-ring (red) isomers of 
DMPT-PFCP in cyclohexane. Vertical arrows indicate the one-photon excitation wavelengths in 
this study. 
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cycloreversion reaction.8,10 Our measurements also revealed additional insight on the 
fundamental excited-state dynamics by mapping the motion along the S1 reaction coordinate onto 
the higher excited states of the molecule. A detailed understanding of the mechanism for 
sequential two-photon cycloreversion of DMPT-PFCP and other photochromic molecules is 
essential for improving the performance of these compounds in erasable data storage and other 
applications, as well as providing new avenues for the selective control of photochemical 
reactions.6-14 
Our earlier pump-repump-probe (PReP) experiments used successive 500-nm laser pulses 
to excite molecules first to the S1 state, then to a higher excited state.
10 Consistent with the 
predictions of Miyasaka and coworkers,8 we showed that double excitation produces the open-
ring isomer product in higher yield than single excitation alone, depending on the relative delay 
between pump and repump pulses (Δt12). Importantly, the reaction yield for doubly excited 
molecules is the same as the one-photon yield when the two laser pulses are coincident in time, 
but then increases on a timescale of ~3 ps with increasing delay between pump and repump 
pulses. The reaction yield returns to the one-photon value on a timescale of ~9 ps, the excited 
state lifetime, as the initially excited molecules relax back to the ground state before the arrival 
of the second excitation pulse.  
The delayed enhancement of the cycloreversion yield indicates that secondary excitation 
affects the outcome of the reaction only when the molecule is re-excited after crossing a barrier 
along the C–C bond-breaking coordinate,10 but before the system returns to the ground electronic 
state. Previous results from Miyasaka and coworkers8 using 15-ps laser pulses could not resolve 
the time evolution of the enhancement directly, and the requirement of a delayed re-excitation 
could only be inferred from the pulse-duration dependence of the yield enhancement.8 By 
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measuring the “action” of the double excitation with ~100 fs resolution, our original PReP 
experiment revealed the important role of C–C bond-breaking in determining the reaction yield 
for sequential excitation with two 500-nm laser pulses. Such mechanistic insight has direct 
consequences for the use of photochromic molecular switches in read-write-erase optical data 
storage and other applications. 
In the present chapter, we use sequential, two-color, two-photon excitation to selectively 
control the cycloreversion reaction of DMPT-PFCP and further explore the ultrafast excited-state 
dynamics of both S1 and the higher excited states. Specifically, our multi-dimensional PReP 
measurements reveal an immediate increase of the reaction yield for secondary re-excitation with 
an 800-nm laser pulse, in contrast with the delayed enhancement for 500-nm re-excitation. In 
addition to probing the influence of double excitation on the ultimate reaction yield, we directly 
observe the dynamics of the higher-lying excited state by monitoring the transient absorption 
following secondary excitation. We compare the dynamics of the twice-excited state with new 
pump-probe (PP) measurements of the excitation-wavelength dependent dynamics following 
one-photon excitation to each of the two lowest electronic absorption bands. In addition to 
exciting the higher-lying state directly, the improved time resolution (50-70 fs) relative to our 
previously reported PP experiments allows us to describe more completely the early stages of the 
photochemical reaction. Together, the multi-dimensional PReP and excitation-wavelength-
dependent PP experiments provide a sensitive probe of the ultrafast dynamics of DMPT-PFCP, 
including the rapid electronic relaxation of states above S1. 
4.3 Experimental Set-up 
Two- and three-beam transient absorption (TA) measurements use the modified output of 
an ultrafast Ti:Sapphire laser (Legend Elite HE; Coherent) operating at 1 kHz. For the two-beam 
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pump-probe (PP) experiments, we direct a fraction of the 800-nm laser fundamental into an 
optical parametric amplifier (TOPAS; Light Conversion) to produce tunable pump pulses in the 
visible and near UV. We use a prism pair to compress the pump pulses to a duration of ~50 fs in 
the UV, or ~70 fs in the visible. A neutral density filter attenuates the energy to ~2 µJ/pulse and 
a lens gently focuses the beam to a diameter of ~1 mm at the sample. We generate broadband 
probe pulses by focusing a small portion of the 800-nm fundamental into a circularly translating 
CaF2 crystal to produce white-light continuum in the range 400-750 nm. Alternatively, we use 
the 1350-nm signal from a second, home-built optical parametric amplifier to produce broadband 
probe pulses in the infrared, 700-1000 nm. In either case, off-axis parabolic mirrors collimate 
and focus the probe light to a diameter of ~50 µm at the sample, where it intersects the pump 
beam at a small angle. The sample solution is forced through a 7 mm 0.2 mm sapphire nozzle 
(Kyburz) to form a 200-µm thick windowless liquid jet. After passing through the thin stream of 
sample, a spectrograph disperses the probe light onto a 256-pixel silicon photodiode array for 
shot-to-shot detection. We measure the TA for parallel polarization.  
The two-color pump-repump-probe (PReP) experiments use both the 500-nm output of 
the TOPAS as well as a portion of the 800-nm fundamental of the laser to excite the sample. We 
gently focus the two beams into the sample, where the 5-µJ “pump” pulses have a diameter of 
1.2 mm and the 8-µJ “repump” pulses have a diameter of 3 mm. The overlapping pump beams 
intersect the probe in a flow cell with 1-mm pathlength (Starna Cells; Spectrosil). Translation 
stages control the relative delay between laser pulses, while synchronized optical choppers block 
the pump and repump beams at 500 Hz and 250 Hz, respectively, for active background 
subtraction.10,15-17 Chopping both beams creates four possible pump combinations, from which 
we calculate three differential absorption signals: ΔApump1, ΔApump2, and ΔABoth. The first two are 
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the usual PP signals for individual pump pulses, and ΔABoth is the signal when both pump pulses 
are incident on the sample. The signal of interest, ΔΔAPReP, is the change of the differential 
absorption specifically due to doubly excited molecules. 
ΔΔAPReP = ΔABoth − ΔAPump1 − ΔAPump2           (4-1) 
In the current experiments, the second pump pulse at 800 nm is not resonant with the 
ground-state absorption, therefore ΔApump2 = 0 and there is no subtraction error due to ground-
state bleaching between the two pump pulses.15  
The multi-dimensional PReP signal varies as a function of two different time delays.18 
We measure the “action” of the double excitation as a function of the delay Δt12 between pump 
and repump pulses by monitoring the ground-state bleaching signal at a fixed delay of Δt2 = 500 
ps. Alternatively, we probe the dynamics of the doubly excited state directly by observing the 
evolution of the TA as a function of time (Δt2) following secondary excitation at fixed Δt12.  
1,2-bis-(2,4-dimethyl-5-phenyl-3-thienyl)-perfluorocyclopentane (DMPT-PFCP) was 
purchased from TCI America and dissolved without further purification in cyclohexane (Sigma-
Aldrich, spectrophotometric grade, >99%). Irradiating the solution with 254-nm light from a UV 
lamp converts a fraction of the DMPT-PFCP to the closed-ring isomer. Although some of the 
open-ring isomer remains, even at the photostationary state,3 these molecules do not contribute to 
the TA signal because they are transparent above ~350 nm, and therefore are not excited by the 
pump pulses. The concentration of closed-ring isomer in the sample solutions is ~0.5 mM. 
4.4 Results and Analysis 
4.4.1 One-Photon Excitation in the Visible and UV 
Figure 4-2 shows representative ps-scale TA spectra following excitation into the two  
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Figure 4-2:  Picosecond-scale evolution of the transient absorption spectrum following excitation 
of the closed-ring isomer of DMPT-PFCP at 500 nm (A) and 375 nm (B). Dashed line is the 
ground-state absorption spectrum of the closed-ring isomer. 
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lowest absorption bands of the closed-ring isomer of DMPT-PFCP at 500 and 375 nm, 
respectively. The 1-200 ps evolution of the TA signal is nearly identical for both excitation 
wavelengths. In each case, the TA spectrum at 1 ps is negative near 560 nm, due to the ground-
state bleach (GSB), with broad excited-state absorption (ESA) bands on either side. The ESA 
bands decay completely and the GSB recovers by ≳98% within ~100 ps, beyond which the 
transient signal remains constant. Although barely noticeable in the figure, the very weak 
negative signal at long delay times almost perfectly matches the inverse of the ground-state 
absorption, and therefore represents the partial conversion of initially excited closed-ring 
molecules to the optically transparent open-ring isomer. The nearly complete recovery of the 
GSB is consistent with the previously reported cycloreversion yield of only ~1.5% for visible 
excitation of DMPT-PFCP.9 
Based on our earlier PP measurements,10 we model the ps-scale population dynamics of 
the molecule with a sum of three exponentials. The ESA bands evolve on a timescale of ~3-4 ps, 
before decaying to the baseline with a timescale of ~9 ps. The GSB mostly recovers with the 
same ~9 ps timescale, followed by a small amplitude relaxation over ~60-80 ps. Global fits to the 
broadband TA data give essentially the same time constants and decay associated spectra 
(DAS)19 for a wide range of excitation wavelengths covering the first and second absorption 
bands. Figure 4-3 shows the time constants that we obtain for excitation wavelengths in the range 
350-700 nm. Our results suggest that the ps-scale dynamics of DMPT-PFCP are independent of 
the initial excited state.  
In contrast with the longer-time behavior, Figure 4-4 shows that the sub-ps evolution of 
the TA spectrum is very different following excitation into the first and second absorption bands 
of DMPT-PFCP. Specifically, the GSB and ESA signals appear within the instrument response  
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Figure 4-3:  “ps-scale” lifetimes for the decay of the TA signal from global analysis at various 
excitation wavelengths.  τ1 is time constant attributed to the evolution over the excited state 
barrier in the C-C bond stretching coordinate (top) and τ2 is the time constant describing the 
torsional motion through the S1/S0 conical intersection (bottom) for each pump excitation 
wavelength holding the third time constant at 65 ps.  These were collected using a 0.5 or 1 mm 
pathlength flow cell and uncompressed pulses.  The static absorbance spectrum (red dashed line) 
is for reference.  Uncertainties were estimated based on the chi-squared value. 
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Figure 4-4:  Sub-picosecond evolution of the transient absorption spectrum following excitation 
of the closed-ring isomer of DMPT-PFCP at 500 nm (A) and 375 nm (B). Oscillations in (A) are 
remnants of cross-phase modulation due to overlap of pump and probe pulses. Panel (C) shows 
the temporal evolution of the transient absorption signals at 600 nm, where the dotted line is the 
instrument response function for 375-nm excitation and the solid black line is a best fit to the 
data using the model described in the text. The negative signal in the case of 500-nm excitation is 
due to a stimulated Raman contribution from the solvent, and closely follows the instrument 
response function. 
  
 
135 
 
time following 500-nm excitation, whereas 375-nm excitation produces an additional feature 
centered near 590 nm that precedes the formation of the ESA bands. In the latter case, an 
isosbestic point near 655 nm indicates a rapid change of population from one state to another 
following UV excitation. After about 300-400 fs the TA spectrum is essentially identical for both 
visible and UV excitation.  
The short-lived signal at 590 nm decays with a single exponential time constant of 90 ± 
10 fs, which is slower than the instrument response time of ~50 fs (Figure 4-4C). We observe the 
short-lived signal for all excitation wavelengths that are resonant with the second absorption 
band (355-400 nm; see Figure 4-5), but there is no evidence of the short-lived signal following 
excitation into the lowest absorption band (500-700 nm). Therefore, we assign the TA signal at 
590 nm as an ESA originating from the higher excited state of DMPT-PFCP. The decay of the 
short-lived absorption band thus reflects electronic relaxation from a higher excited state to S1. 
We model the dynamics following 375-nm excitation with a sum of five exponentials 
convoluted with the instrument response function (IRF). In addition to the ps-scale evolution 
described above, a global fit to the TA data including the sub-ps behavior reveals a strong 
absorption band centered near 590 nm that decays with a time constant of 100 ± 50 fs, as well as 
a low-amplitude component with a 900 ± 600 fs time constant that is consistent with vibrational 
cooling in the longer-lived (ps-scale) ESA bands. The short-lived ESA band at 590 nm has no 
analogue following 500-nm excitation, therefore we model the kinetics at that wavelength with a 
sum of four exponentials, and observe only a weak contribution to the sub-ps signal on a time 
scale of 600 ± 300 fs that is consistent with cooling in the ps-scale ESA bands. Figure 4-6 shows 
the complete set of DAS for both excitation wavelengths, including the three ps-scale 
components that are identical to the DAS from the >1 ps analysis described above.  
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Figure 4-5:  Transiet absorption spectra at a pump-probe delay of ~0.5 ps using different UV 
pump wavelengths showing that the peak at 590 nm does not shift with excitation wavelength 
eliminated two-photon absorption.  The spectra were normalized to the peak at 590 nm. 
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Figure 4-6:  Decay associated spectra (DAS) from global fits to the transient absorption spectrum 
following excitation at 500 nm (A) and 375 nm (B). The figure legends give the time constants 
associated with each spectrum. 
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4.4.2 Sequential Two-Photon Excitation 
Two-color PReP measurements map the dynamics of excited molecules onto the higher-
lying excited states.15,20 In the current experiment, we use a secondary excitation pulse at 800 nm 
that is resonant with the strong red/infrared ESA band of DMPT-PFCP (see Figure 4-2A). Unlike 
our earlier one-color measurements at 500 nm, this secondary excitation wavelength is not 
resonant with the ground-state absorption, thus simplifying the subtraction of one-photon-
induced background signals.  
We record the effect, or “action”, of the secondary excitation by varying the relative 
delay between the pump and repump pulses (Δt12) with the probe delay fixed at Δt1=500 ps. The 
long probe delay ensures that all of the excited-state populations have decayed, and only the 
permanent ground-state bleach due to successful cycloreversion contributes to the TA signal. 
The total bleach signal increases (i.e. ΔΔAPReP becomes more negative) when the second 
excitation pulse leads to an increase of the cycloreversion yield, thus mapping the S1 dynamics 
onto the “action” of the higher excited state via the secondary excitation at Δt12. Figure 4-7 
shows that the action of the 800-nm re-excitation (negative-going black line) is most pronounced 
when the two pump pulses are nearly coincident in time, Δt12 ≈ 0 ps, and then decays on the 
timescale of the excited-state lifetime as the delay between the two pulses increases. This 
immediate enhancement of the reaction yield contrasts our previous result, where the 500-nm re-
excitation pulse does not increase the reaction yield until after the molecule crosses over a barrier 
on S1.
10 
In addition to the action measurement, we directly monitor the dynamics of molecules 
that have been re-excited by fixing the delay between the two pump pulses and scanning the  
probe delay, Δt2. Figure 4-8 shows the resulting TA spectrum as a function of Δt2 when Δt12 = 1   
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Figure 4-7:  Pump-repump-probe (PReP) signal for 500-nm pump and 800-nm repump. The 
negative-going black line is the PReP “action” signal measured at long probe delays (Δt1 = 500 
ps) as a function of the delay between pump and repump pulses, ∆t12. The positive-going colored 
lines are the PReP transient absorption signal measured as a function of ∆t1 for several pump-
repump delays (Δt12 = 0.05, 0.5, 1.0, 1.5, 3.0, 5.0, 7.0, 10, and 15). Dotted grey line is the 
inverted and scaled PReP action signal for comparison with the maximum amplitude of the PReP 
transient absorption signal at each Δt12. The inset shows the sub-ps behavior of the PReP action 
and transient absorption signals. 
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ps. The most striking feature is an absorption band centered near 590 nm that decays with a 
single exponential time constant of 100 ± 20 fs. This short-lived TA band has a similar shape and 
decay rate as the short-lived ESA following one-photon excitation in the UV. In this case, 
however, the negative ∆∆A signal above 650 nm and below 500 nm is a result of excited state 
bleaching (ESB), due to molecules that are removed from the S1 state upon secondary excitation. 
Based on the short lifetime and similarity with the 375-nm case, we assign the short-lived TA 
signal in the PReP measurement as an ESA from the doubly excited state. We rule out ground-
state recovery via stimulated emission as the source of the signal at 590 nm, because the TA 
band decays rapidly and is shifted to longer wavelength than the GSB. Importantly, there is no 
observable shift in the maximum wavelength of the ESA band when the pump wavelength is 
varied across the range 800 to 1010 nm (Figure 4-9), indicating that we access the same upper 
level for all near-infrared excitation wavelengths. The constant wavelength also excludes non-
linear effects as the source of the signal. 
A similar short-lived ESA band is observed for other Δt12 delays as well. However, the 
maximum amplitude of the ESA decreases as a function of the delay between pump and repump 
pulses, as illustrated in Figure 4-7. The decreasing ESA strength perfectly matches the inverse of 
the PReP action trace, which is measured at long delay times. The fact that the ESA amplitude 
follows the magnitude of the ground-state bleach in the action measurement indicates a strong 
correlation between the short-lived ESA and the enhanced yield for cyclereversion. The inset of 
Figure 4-7 shows that the amplitude of both signals increases with Δt12 over the first ~200 fs, 
which is roughly the cross-correlation of the two pump pulses, and therefore the time resolution 
of the experiment. Both signals decay with the excited-state lifetime, as expected for a sequential 
two-photon excitation mechanism. 
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Figure 4-8:  Pump-repump-probe (PReP) signal for 500-nm pump and 800-nm repump at a fixed 
delay of ∆t12 = 1 ps. (A) Evolution of the transient absorption as a function of probe delay. (B) 
Temporal evolution of the signal at 600 nm, where the solid black line is a best fit to the data 
using a single exponential decay convoluted with a 60-fs instrument response function. 
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Figure 4-9:  TA spectra from the PReP experiment with Δt12=1 ps using different secondary 
excitation wavelengths showing the peak at 590 nm does not shift with wavelength. 
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4.4.3 Cycloreversion Reaction Yield Following Double Excitation 
A key reference point for the PReP measurement is the quantum yield for the 
cycloreversion reaction following single excitation. We have independently measured a one-
photon quantum yield of Φ1 = 0.019 ± 0.002 for 500-nm excitation, 
21 consistent with the value 
of 0.020 that was recently reported by Sumi, et al.22 (For comparison, the one-photon yield 
following 375-nm excitation is essentially the same, Φ1 = 0.017 ± 0.004.)
21 
The magnitude of the GSB at long probe delays (e.g. 500 ps) provides a quantitative 
measure of the cycloreversion reaction yield, because the negative absorption change is due to 
conversion of closed-ring molecules into the transparent open-ring isomer. For example, the 
amplitude of the GSB at 560 nm following single excitation is proportional to the concentration 
of initially excited molecules in the path of the probe beam, n*, multiplied by the one-photon 
quantum yield, Φ1.  
          ΔAPump1
GSB = – ε560nm ∙ l ∙ (n∗ ∙ Φ1)     (4-2) 
The amplitude of the GSB in the PReP action measurement includes additional terms that 
account for the modified reaction yield for twice-excited molecules, Φ2. 
        ΔABoth
GSB (∆t12) = – ε
560nm ∙ l ∙ [(n∗ − n∗∗) ∙ Φ1 + n
∗∗ ∙ Φ2]    (4-3) 
Here, n** is the concentration of molecules that are re-excited by the secondary excitation 
laser pulse, and Φ2 is the cycloreversion yield for doubly excited molecules. The remaining 
molecules (n* – n**) are unaffected by the second pump pulse and therefore follow the usual 
reaction path after one-photon excitation at 500 nm.  
In principle, both n** and Φ2 depend on the relative delay ∆t12. Importantly, the time-
dependence of Φ2 directly maps the “action” of the secondary excitation onto the excited-state 
potential, because the reaction quantum yield depends where on the higher-excited state a 
 
144 
 
molecule is excited. On the other hand, the number of re-excited molecules n** depends only on 
the strength of the ESA and the intensity of the secondary excitation pulse. Thus, the one-photon 
PP signal at 800 nm, ΔAPump1
800nm (∆t1), provides an in situ measurement of the re-excitation 
probability as a function of time following the initial excitation at 500 nm, and the ratio of 
doubly excited molecules sampled by the probe beam, n**(∆t12), can be calculated from the Beer-
Lambert law as a function of the delay between pump and repump pulses for a given repump 
pulse intensity. The PReP signal at Δt12 = 1 ps increases linearly for repump pulse energies 
ranging from 4 to 77 µJ (Figure 4-10), confirming that the secondary excitation is not saturated 
over a wide range of intensities.  
Taking the ratio of the GSB signals for one- and two-photon excitation (equations 4-2 
and 4-3) provides a normalized measure of the PReP action signal by eliminating the dependence 
on the path length and ground-state molar absorptivity. 
Rearranging equation 4-4 gives the time-dependent quantum yield for doubly excited 
molecules, Φ2(∆t12). Using the power-dependent PReP action signal at Δt12 = 1 ps, we obtain a 
two-photon quantum yield of Φ2(1 ps) = 0.07 ± 0.02. This value represents a more than three-
fold enhancement compared with the one-photon quantum yield (Φ1 = 0.019 ± 0.002).
21  
We obtain Φ2(∆t12) at other re-excitation delays by using the time-dependent PP signal 
at 800 nm to account for the decay of the excited-state population following the initial 500-nm 
excitation. Figure 4-11 shows that Φ2(Δt12) is essentially constant throughout the excited-state 
lifetime, except for the first ~300 fs. The two-photon quantum yield is approximately equal to 
the one-photon yield when the pulses are overlapped at Δt12 = 0 ps, then rises to a maximum of  
 ΔABoth
GSB (∆𝑡12)
ΔAPump1
GSB
=
(n∗ − n∗∗) ∙ Φ1 + n
∗∗ ∙ Φ2
n∗ ∙ Φ1
 
(4-4) 
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Figure 4-10:  Power dependence of the experimentally calculated ratio of ABoth/AP1 as a function 
of pump2 power.  The slope of the line is used to calculate the quantum yield in equation 4-3 of 
the main text for a give Δt12 delay, which is at 1 ps here. 
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nearly 0.09 as the two pulses begin to separate, and finally decreases to a constant value of 0.07 
by about 300 fs (see Figure 4-11 inset). This behavior strongly contrasts the one-color PReP 
measurement at 500 nm, where we previously observed a ~3 ps delay in the yield 
enhancement.10 
4.5 Discussion 
The two-color PReP measurement with 800-nm re-excitation provides new insight on the 
ultrafast dynamics of DMPT-PFCP. In particular, a comparison of the two-color PReP yield with 
the yield following one-photon excitation in the UV reveals an important difference between the 
two excitation pathways. The yield following double excitation is similar to the one-photon yield 
at 375 nm when the pump and repump pulses are overlapped in time, but increases over the first 
few hundred fs as the delay between pulses increases. The higher yield for slightly delayed re-
excitation suggests that molecules sample new regions of the excited-state potential energy 
landscape that are not accessible via direct one-photon excitation from the equilibrium ground-
state geometry. In other words, the three-fold increase of the yield following sequential two-
photon excitation reveals an important change in the role of the higher excited state when a 
molecule is re-excited outside of the FC region.  
The ~100 fs rise of Φ2 (Figure 4-11 inset) probably reflects more than just the 
wavepacket motion out of the initial FC region, but rather an adiabatic change of the electronic 
configuration of the molecule as it moves along the S1 surface. Analogous to 1,3-cyclohexadiene 
and other model systems,23-27 the 500-nm excitation initially populates a ππ* bright state, 
before rapidly relaxing to a “dark” region of the adiabatic potential energy surface with π*π* 
character.  Although the changing electronic configuration may also change the nature of the 
secondary excitation, there is no clear signature of such a change in the sub-ps evolution of the  
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Figure 4-11:  Delay-dependent quantum yield for cycloreversion of DMPT-PFCP following 
sequential excitation with 500-nm pump and 800-nm repump photons. The inset shows early 
delay times (Δt12). The solid red circle is the one-photon quantum yield for excitation at 500 nm. 
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transient absorption spectrum following 500-nm excitation. This discrepancy highlights the value 
of the PReP action measurement in addition to traditional PP spectroscopy.  
We directly observe the dynamics of the higher excited state in both the PReP and 375-
nm PP measurements via the short-lived transient absorption signal centered near 590 nm 
(Figure 4-4 and Figure 4-8, respectively). The behavior and spectroscopy are very similar in both 
cases, and seem to be independent of the delay between pump and repump pulses in the case of 
the sequential two-photon excitation. The similarity of the excited-state spectroscopy and 
dynamics for one-photon versus sequential two-photon excitation pathways is somewhat 
surprising given the different reaction yields, but in both cases the rapid decay of the higher 
excited state is consistent with Kasha’s rule.28 To explain the difference in the quantum yields, 
either the two excitation pathways access different excited states, or they access different regions 
of the same higher excited state potential energy surface. We favor the second interpretation 
because of the similar transient absorption spectroscopy and excited-state lifetimes in the two 
cases. In this picture, the different yields reflect different reaction pathways, depending on the 
initial geometry of the higher excited state. In other words, the higher excited state couples to the 
reaction channel differently depending on the initial geometry and motions.  
The fast relaxation from the higher excited state apparently does not alter the reaction 
path following direct one-photon excitation in the UV.  Both the quantum yields (φ1(500 nm)= 
1.9% and φ1(375 nm)=1.7%) and the ps-scale transient absorption spectroscopy are nearly 
identical for one-photon excitation to each of the two lowest absorption bands, despite the fact 
that those transitions initially populate different excited states. This behavior suggests that 
relaxation from the higher excited state returns the molecules to the same region of the S1 surface 
that is populated via visible excitation. Any excess energy quickly dissipates among the many 
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modes of the molecule without affecting the reaction path, and very little control over the 
cycloreversion reaction is possible by simply varying the (one-photon) excitation wavelength.  
In the limit of purely statistical redistribution of the excess energy, excitation at 375 nm 
adds less than 40 cm–1 of additional energy per vibrational mode of DMPT-PFCP. Although 
complete redistribution is unlikely on such a short timescale,29 it is not unreasonable to expect 
that much of the excess energy is partitioned into peripheral modes that do not directly affect the 
cycloreversion pathway.  More detailed calculations are needed to clarify the electronic structure 
of the excited states, and identify the motions that lead to non-adiabatic relaxation of the higher 
excited state. Similarly, resonance Raman measurements that reveal the dominant motions of the 
molecule in the FC region of the two excited-state potentials would help distinguish the different 
initial motions of the molecule following 375-nm and 500-nm excitation.  
Our previous measurements of the excited-state dynamics of the closed-ring isomer of 
DMPT-PFCP revealed an evolution on the excited state with a ~3 ps timescale that we attribute 
to an activated barrier crossing along the C–C bond-breaking coordinate.10 The barrier was 
predicted by theory,30 and is evident experimentally from a slight change of the excited-state 
absorption spectrum due to changing Franck-Condon (FC) overlap with the higher excited states 
as the molecule evolves on S1.
10 One-color PReP measurements revealed the barrier crossing 
even more clearly via a delayed enhancement of the cycloreversion yield until after the 
molecules pass over the barrier.10 The same initial behavior is not observed in the present two-
color experiment, where the 800-nm re-excitation leads to an enhanced reaction yield even 
before the molecules cross the C–C barrier on S1.  
The different time-dependent results for re-excited molecules, depending on the 
secondary excitation wavelength, point to an important difference in the topology of the upper 
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potential energy surfaces (PESs). Following re-excitation at 500 nm, the higher excited state 
probably has a barrier along the C–C bond-breaking coordinate, as predicted by theory,10,30 that 
differentiates the reaction path (i.e. reaction yield) for molecules re-excited before and after the 
S1 barrier crossing. The barrier crossing in the higher excited state may compete with direct 
deactivation (internal conversion) back to the first excited state. In contrast, 800-nm re-excitation 
accesses a different higher-excited state, and gives an enhanced reaction yield at all relative 
delay times. The almost instantaneous increase of the reaction yield indicates that there is no 
distinction of the ps-scale reaction progress along the S1 surface prior to re-exciting the molecule 
at 800 nm. In other words, the two PReP experiments map the S1 dynamics onto different higher 
excited states, where accessing the two different higher excited states from the same starting 
point has a different effect on the overall reaction yield.  
4.6 Conclusion 
Sequential two-photon excitation increases the quantum yield for cycloreversion more 
than three-fold compared with one-photon excitation of DMPT-PFCP in the visible or UV.  
More importantly, sequential two-photon excitation also maps the cycloreversion reaction 
dynamics onto the higher excited states of the molecule. The difference in re-excitation at 800 
nm versus 500 nm is either due to different potential energy surfaces of the two upper levels, or 
the secondary excitation launches very different trajectories by coupling to different vibrational 
modes.  The most favorable explanation is the two absorption bands from the PP measurement 
are associated with two different higher excited states.  This difference provides an additional 
element of control over the reaction dynamics.  
Although the absolute enhancement is somewhat modest, the ~9 ps excited-state lifetime 
of DMPT-PFCP increases the odds for photoswitching under irradiation with ps-duration laser 
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pulses by increasing the probability of re-excitation (and also the possibility of multiple re-
excitations). Efficient photoswitching was observed under one-color ps-pulse irradiation at 532 
nm, partly because the long pulse integrates over the lifetime of the excited state.7 Two-color 
induced switching would be similarly efficient for a ps-duration 800-nm laser pulse that covers 
the entire excited state lifetime. 
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5 Chapter Five:  Controlling the Cycloreversion Reaction of a Molecular Photoswitch 
Using Sequential Two-Color Two-Photon Excitation 
5.1 Overview 
Two-color pump-repump-probe (PReP) measurements probe the different regions of the 
S1 surface of a diarylethene photochromic molecular switch, which provides detailed new 
information about the excited-state dynamics of the cycloreversion reaction. This chapter shows 
that an optimal delay between primary and secondary excitation events depends on the energy 
distribution in the molecule on the S1 surface. The initially excited molecule must be in the 
correct electronic configuration before secondary excitation changes the reaction outcome. 
Tuning a secondary excitation wavelength across the excited-state absorption bands confirms 
two different higher excited states are responsible for the different PReP signals. The PReP 
experiments demonstrate that the reaction path of a photochromic molecular switch can be 
selectively controlled based on the re-excitation wavelength and re-excitation time delay.   
5.2 Introduction 
Diarylethenes (DAE) are a class of molecular photoswitches that photoisomerize between 
a ring-closed state and a ring-open state.1  The idea of using DAE for write-read memory devices 
exploits the high-yield cyclization reaction of the open-ring isomer and the very low-yield 
cycloreversion reaction of the closed-ring isomer.1  The cycloreversion reaction can become 
more efficient for write-read-erase memory devices by using two photons in a stepwise process.2-
5  After one-photon excitation to the first excited state, a second photon excites the molecules to 
a higher excited state that is determined by the wavelength of the second excitation pulse.  
Knowing the identity and topology of the higher excited states is important for precise control 
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over the cycloreversion reaction.6 
Determining the effect the excited-state potential energy surfaces (PES) have in the 
reaction outcome is very important for photochemical reactions, such as the light-induced ring-
opening and ring-closing reactions of DAE molecules.  Experimentally, observing dynamics on 
higher excited states (above S1) is difficult because of the very short lifetimes as the density of 
states increases with energy.  Experimentalists thus rely on calculated energy levels to help 
disentangle the experimental signals, but calculating the higher states can be computationally 
expensive and challenging.  The photochemical reaction dynamics of photoswitches are 
determined by the topologies of the PES, but because of the difficulty in resolving the higher 
excited states spectroscopicially, let alone the dynamics, not much has been done in the literature 
to fully understand the role of higher energy states, including their role in enhancing the 
cycloreversion (ring-opening) reaction using sequential two-photon excitation.6-10   
Miyasaka and coworkers first pioneered the sequential two-photon excitation process on 
a DAE molecule by using high-powered ps pulses to enhance the cycloreversion reaction.4  The 
cycloreversion yield increased because the molecules were initially excited to S1 with the front 
end of the ps pulse and then re-excited to a higher excited state with the tail of the same ps pulse.  
To explain why excitation to the higher states leads to more product, Guillaumont and coworkers 
used ab initio complete active space self-consistent-field (CASSCF) calculations of a model 
DAE to locate the stationary points of the ground, and first few excited states.7  The proposed 
mechanism from the ab initio calculations suggested that there is a barrier along the C-C bond-
stretching coordinate for every electronic state that was calculated, and the calculated height of 
the barrier decreases with increasing electronic energy.7  Guillaumont and coworkers proposed 
that the barrier on the S1 excited state causes the low cycloreversion quantum yield because of a 
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competing deactivation pathway back to S0, therefore promoting the molecules to the higher 
excited states that have lower energy barriers could increase product yield.7   
Sequential two-photon excitation is a more favorable mechanism to reach these higher 
excited states with lower energy barriers than one-photon excitation because of low oscillator 
strength for the direct ground to higher excited states transition.7  Even for higher excited states 
that are one-photon accessible, we have shown that one-photon excitation with UV light does not 
necessarily increase the quantum yield, but promoting molecules on S1 to a higher excited state 
via secondary excitation does increase the cycloreversion quantum yield.9   
In this chapter, the higher excited states of the closed-ring isomer of a 1,2-bis-(2,4-
dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (DMPT-PFCP) are explored using two-color 
pump-repump-probe (PReP) spectroscopy at several wavelengths.  Tuning the secondary 
excitation wavelength across the excited-state absorption (ESA) bands reveals two distinct 
behaviors possibly due to promoting the molecules to two different higher excited states.  
Exploring the dynamics of the different higher excited states is essential to selectively 
manipulate the reaction pathway using two time delayed pump pulses. 
5.3 Experimental Details 
Two-color PReP experiments were performed with the modified output of a Ti:sapphire 
laser (Legend Elite; Coherent) that produces 35-fs pulses at 800 nm with a 1-kHz repetition rate.  
Nonlinear frequency conversion of the 800-nm fundamental in two separate optical parametric 
amplifiers (TOPAS; Light Conversion) generates tunable pump and repump pulses in the visible 
and UV.  White-light continuum probe light is generated by focusing a small portion of the 800-
nm fundamental onto a circularly translating 2-mm CaF2 crystal.  The two pump beams are 
focused to about 1-3.5 mm diameter with pump powers ranging from 5 to 20 µJ, and the probe is 
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focused to ~50 µm at the sample.  The sample is continuously flowed through a 1-mm path 
length flow cell.  The probe light is then dispersed by an imaging spectrograph (Oriel 
Instruments) onto a silicon photodiode array for shot-to-shot detection.   
The PReP experimental set up has been described previously6,9 but briefly it is a three-
beam experiment where there are two excitation pulses (pump1 and pump2) and a probe pulse.  
Similar to a pump-probe (PP) experiment, an optical chopper blocks each of the two pump pulse, 
allowing us to calculate the transient absorption (TA) signals for each of the pump pulses 
individually (pump1-probe (ΔAPump1) and pump2-probe (ΔAPump2)), as well as an additional 
signal when both pump pulses are incident on the sample (ΔABoth).  The signal of interest, 
ΔΔAPReP, is calculated by subtracting the individual PP signals from the double excitation signal, 
ΔABoth.  Two translation stages control the time delay of the probe and the second pump pulses, 
which creates two different ways to measure ΔΔAPReP.  In a kinetic measurement, the delay 
between pump1 and pump2 (Δt12) is fixed and the kinetics of the higher excited state are 
observed as a function of the probe delay relative to pump2 (Δt2).  An action measurement 
monitors the effect of the second pump pulse on the system as a function of the delay time (Δt12), 
while the delay between pump1 and the probe is fixed (Δt1).   
We obtain PP anisotropy signals by simultaneously measuring the parallel and 
perpendicular signals at a single probe wavelength.  The single probe wavelengths are selected 
by using interference filters in the white-light continuum probe light.  In the single wavelength 
anisotropy measurements, we rotate the polarization of the pump pulse by 45⁰ before the sample, 
and then separate the probe into parallel and perpendicular components with a Wollaston prism 
after the sample. 
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The photoswitch sample, 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(DMPT-PFCP; TCI America) was dissolved in cyclohexane (ACS reagent grade; Sigma-
Aldrich).  The closed-ring isomer was obtained by irradiation with 254-nm light from a UV 
lamp.  The absorbance at 580 nm of the sample was around ~0.5 for all two-color PReP 
experiments.  The neat solvent and a solution of the open-ring isomer have no contributions in 
the two-color PReP measurements other than a non-resonant, simultaneous two-photon (pump1 
+ pump2) excitation and cyclization of residual open-ring isomer.  When two excitation pulses 
are overlapped in time during the action measurements for visible re-excitation wavelengths, the 
population of the closed-ring isomer increases due to conversion of the transparent open-ring 
isomers via two-photon excitation.6 
5.4 Results  
5.4.1 Wavelength-Dependent PReP Action Measurements 
One-photon excitation of DMPT-PFCP at 500 nm results in a broad absorption band from 
the UV to the NIR, of which a time cut at 1 ps is shown in Figure 5-1A as well as the ground-
state absorption (GSA) for reference.  The rate of decay of the excited state is similar for probe 
wavelengths across the ESA band, as shown in Figure 5-1B.  By fixing the probe at a long time 
delay relative to pump1, i.e. Δt1=500 ps, only a permanent ground-state bleach (GSB) 
contributes to the TA signal due to conversion of some light-absorbing closed-ring isomers to the 
transparent open-ring isomers.6  We can further increase the GSB signal, and therefore increase 
the amount of product formed (i.e. yield enhancement), by introducing a second pump pulse at 
some controlled time delay relative to pump1 (Δt12).  Comparing the difference in the GSB signal 
(ΔΔAPReP) for simultaneous excitation with both pump pulses compared with the combined   
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Figure 5-1:  A) Ground-state absorbance of DMPT-PFCP (red dashed line) and the excited-state 
absorption from a transient absorbance measurement at a ~1 ps probe delay.  DMPT-PFCP is 
shown in the top corner.  The red arrows indicate where pump1 excitations have been performed 
and the black arrows are for some pump2 excitations described in this chapter.  B) 500 nm 
pump-probe spectral cuts at 425, 475, 690, and 800 nm, which correspond to the re-excitation 
wavelength for the PReP experiments. 
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signals for each individual pump pulse shows how much the reaction yield increases due to 
sequential two-photon excitation.  These PReP action measurements therefore probe the yield 
enhancement of the cycloreversion reaction under double excitation, and the yield enhancement 
can be studied as a function of secondary excitation delay, Δt12.  Here we are exploring how the 
change in the wavelength combinations across the ESA spectrum (indicated by the black and red 
arrows in Figure 5-1A affects the yield enhancement as a function of Δt12. 
Figure 5-2A shows that the PReP action signal increases as a function of the delay 
between the two excitation pulses (Δt12) and then returns to the baseline for pump1 wavelengths 
ranging from 400 to 690 nm, followed by 500-nm secondary excitation (pump1/500 nm).  Fits to 
the data with a biexponential function give rise and decay times of ~3 ps and ~11 ps.6  These two 
time constants match the two time constants from the PP signals in Figure 5-1B, which are ~3 
and ~9 ps.  The lack of a pump1 wavelength dependence, shown in Figure 5-2A, is consistent 
with our previous observation that one-photon excitation of visible or UV light gives the same 
ps-scale dynamics.9  Whether we pump first with visible or UV light, the molecules relax within 
<1 ps to the same region of the S1 surface and have the same TA spectrum as shown in Figure 
5-1A.   
In contrast with the wavelength independence of the first excitation pulse, changing the 
wavelength of the second excitation pulse has a dramatic effect on the PReP action signal.  
Tuning the secondary excitation wavelength across the ESA bands affects the time evolution of 
the ΔΔAPReP signal compared to re-excitation at 500 nm.  Figure 5-2B shows the action ΔΔAPReP 
signal for several secondary excitation wavelengths after an initial 500-nm excitation (500 
nm/pump2).  The ΔΔAPReP signal for 800-nm re-excitation reaches a maximum negative value 
almost immediately, and then decays to the baseline on a timescale of several ps (Figure 5-2B).9    
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Figure 5-2:  Action measurement results for 400, 500, and 690 nm pump1/500 nm (A) and 500 
nm/400, 500, 690, and 800 nm (B). 
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In contrast, the ΔΔAPReP signal for 400- and 690-nm re-excitation reaches a maximum negative 
value in <1 ps, and then decays to the baseline on a timescale of several ps.  
The decay of the ΔΔAPReP signal after 800-nm re-excitation is 6.3 ± 1.2 ps, which is 
faster than the 11 ± 2 ps decay for 500 nm re-excitation.6  Re-excitation at 690 nm and 400 nm 
return to the baseline in 9.2 ± 2 ps and 11 ± 2 ps, respectively.  Because the PP results in Figure 
5-1B show that the rate of decay of S1 is the same, even at 800 nm, the faster rate of the 800-nm 
re-excitation signal to the baseline is unexpected. 
5.4.2 Probing the higher excited states 
We monitor the excited-state dynamics of doubly excited molecules by fixing the time 
delay between the two excitation pulses (Δt12) and delaying the probe pulse (Δt2) relative to the 
secondary excitation pulse in order to measure the change in the TA induced by the double 
excitation.  Figure 5-3 shows the TA spectrum for a delay of 0.1 ps following double excitation 
at several different wavelength combinations.  Choosing a 1 ps delay between the two excitation 
pulses, an ESA band appears around 590 nm, after initial 500 nm followed by 800 nm excitations 
(500 nm/800 nm).9  This new ESA band is due to doubly excited molecules on a higher-excited 
electronic state.  A similar ESA band was previously observed for re-excitation wavelengths 
across the NIR after initial 500-nm excitation, as well as for one-photon excitation in the UV.9  
Re-excitation with 400 and 500 nm does not result in an ESA band peaked at 590 nm in 
the TA spectrum.  Instead, a peak around 560 nm is observed, which is close to the peak of the 
GSA band, which is the dotted line in Figure 5-3.  Promoting the molecules to the higher excited 
state first at 400 nm followed by re-excitation at 500 nm has the same PReP spectrum as 500 
nm/500 nm.  From UV PP experiments, we know that in <1 ps the molecules relax to the S1 state  
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Figure 5-3:  PReP spectral traces for Δt12=1 ps and Δt2= 0.1 ps for 500 nm/800 nm, 500 nm/500 
nm, 400 nm/500 nm, and 500 nm/400 nm.   
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from the higher excited state, so re-excitation after UV light will have the same result as directly 
promoting the molecules to the S1 state.
9   
The PReP results in Figure 5-3 for the pump-repump combinations 500 nm/500 nm, 500 
nm/400 nm, 400 nm/500 nm, actually include an over subtraction in the ΔΔAPReP signal, which is 
calculated using equation 5-1 with α=1.  α is a correction factor, which can be determined to 
compensate for the over subtraction.   
 ΔΔAPReP = ΔABoth – ΔAPump1 – αΔAPump2, (5-1) 
An over subtraction can result when the secondary excitation pulse is resonant with the 
GSA because the ground-state population is reduced by the primary excitation pulse.11  When 
both excitation pulses are incident on the sample, the second pump pulse “sees” a smaller 
population on the ground state because the first pump pulse excited some percentage of the 
ground-state molecules.  This effectively reduces the ΔABoth signal, and a correction factor, α, 
can be multiplied to ΔAPump2 to account for the reduced ΔABoth signal.
12  Unlike the other repump 
wavelengths in Figure 5-3, 800 nm is not resonant with the GSA so the 500 nm/800 nm PReP 
results are unaffected by the secondary excitation pulse because ΔAPump2 is zero.
9 
To investigate the over subtraction, Figure 5-4 shows the evolution of the ESA at two 
different probe wavelengths.  The TA signal at the maximum of the GSB (560 nm) highlights the 
over subtraction, whereas the TA signal at 590 nm preferentially probes the ESA of the higher 
excited state.  All of the pump-repump wavelength combinations show a fast decay on ~100 fs at 
590 nm.  However, the transient PReP signals remain positive for a few ps at 560 nm in cases 
where the re-excitation pulse is resonant with the ground state because of the over subtraction.   
Best fits to the broadband TA spectra using a sum of three exponentials in a global 
analysis13 routine gives the decay associated spectra (DAS) in Figure 5-5 for each combination  
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Figure 5-4:  Normalized PReP time traces at 590 and 560 nm after initial 500- or 400-nm 
excitation.  The TA signals at 590 nm shows additional artifacts caused by solvent Raman bands. 
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Figure 5-5:  DAS of the PReP measurements with their associated time constants. 
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of pump-repump wavelengths.  In all four cases the global analysis reveals a ~100 fs component 
centered near 590 nm, a ~1 ps component that is positive across the spectrum and zero around 
the GSB region, and a ~7 ps component that is negative to the blue and red side of the GSB and 
positive in the GSB region.   
The normalized DAS of the 100-fs component for all four wavelength combinations are 
compared in Figure 5-6.  The DAS are nearly identical even for the PReP signals that had an 
over subtraction leading to a TA band shifted towards 560 nm.  The over subtraction affects the 
amplitude of the ΔΔAPReP signals when compared to the 500 nm/800 nm amplitude, but the 
global analysis recovers a similar ESA band in each case.  The DAS of the ~100 fs component 
the global analysis recovers is easily understood when describing Figure 5-7, which shows the 
TA spectra for 500 nm/500 nm.  The TA signal around 590 nm decays completely to zero in 
~100 fs, which is the 590-nm ESA signal from the molecules on a higher excited state, as in 500 
nm/800 nm.  However, the amplitude of the 590-nm ESA signal decreases at shorter 
wavelengths, but because of the over subtraction in the 500 nm/500 nm PReP signal, there is an 
additional absorption band peaked near 560 nm that contributes to this 590-nm ESA signal.  
Because the over subtraction signal has a larger amplitude than the 590-nm ESA signal at shorter 
wavelengths, the TA signals appear to have an ESA band shifted to ~560 nm, giving the 
spectrum shown in Figure 5-3.  The global analysis reveals the true higher ESA band based on 
the amplitude of the fixed time constant in the analysis routine.   
Additionally, the time constants determined by the global analysis are nearly identical for 
all four wavelength combinations.  Furthermore, the global analysis accounts for the over 
subtraction in the ΔΔAPReP signal to give the kinetics and DAS following double excitation. 
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Figure 5-6:  The normalized decay associate spectra (DAS) for the first time constant (~100 fs). 
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Figure 5-7:  TA spectra for 500 nm/500 nm PReP measurement at a 1 ps secondary excitation 
delay. 
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Finally, the PReP measurements at various Δt12 delays are explored because the action 
measurements in Figure 5-2B shows that the yield enhancement following re-excitation with 500 
nm is sensitive to the secondary excitation wavelength.  However, we find that the TA signal is 
independent of the delay between the pump and repump (Δt12).  Figure 5-8 compares the three 
time constants from the global fits as a function of Δt12 delay for all four wavelength 
combinations.  The weighted-averages for the three time constants are also shown as a line in 
Figure 5-8.  The time constants for the evolution of the TA signals are independent of both the 
secondary excitation wavelength, as well as the delay between excitation pulses (Δt12).  Again, 
global analysis successfully extracts the DAS, even in the case of the secondary excitation pulse 
resonant with the GSA.  The results presented are only a small representation of several different 
wavelength combinations that have been performed and analyzed, and the time constants for the 
complete set of PReP measurements are reported in Table 5-2 in the appendix along with more 
DAS, which are consistent between various wavelength combinations. 
5.4.3 Anisotropy After Visible and UV Excitation 
Figure 5-9 shows the anisotropy at three different probe wavelengths following excitation 
to the first and second absorption bands at 500 and 375 nm, respectively. The anisotropy is 
essentially constant in all cases, except for the 550-nm probe following UV excitation, where the 
anisotropy decays on the same timescale as the ~100 fs ESA band reported in chapter 4.9  The 
evolution of an overlapping ESA band leads to an additional, smaller amplitude decay of the 
anisotropy with a time constant 3.5 ± 1.4 ps.9 Following the initial decay, the anisotropy remains 
nearly constant for the duration of the excited state lifetime, indicating very little reorientation of 
the molecule on this timescale. 
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Figure 5-8:  Time constants from the PReP measurements.  The weighted averages of the three 
time constants are t1=0.11 ± 0.01, t2=1.2 ± 0.6, and t3=6.9 ± 0.2 ps, and are the three dashed 
lines.  The Table 5-3 in the appendix shows the weighted-average of the different Δt12 delays for 
each pump-repump combination. 
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Figure 5-9:  Anisotropy after 500 (top) and 375-nm (bottom) excitation probing at 450, 550, and 
700 nm.  Each point in 500 nm anistropy measurement is an average of 5 delay steps. 
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Table 5-1 summarizes the anisotropy following the initial decay of the higher excited 
state.  Importantly, the anisotropy of the GSB (averaged over 0.5-1 ps) has a different sign for 
the two excitation wavelengths despite the fact that the TA signal probes the same transition in 
both cases.9  This observation is consistent with TD-DFT calculations (B3LYP/3-21G with 
conductor-like polarized continuum model,14 CPCM) that show perpendicular transition 
moments for the two lowest absorption bands.  Although not a direct measure of the initial dipole 
orientations, the anisotropy at 700 nm is perhaps a better measure of the relative anisotropy of 
the excited-state molecules because there are no competing transitions at this probe 
wavelength.15  
Table 5-1:  Anisotropy values averaged over the 0.5-1 ps pump-probe delay. 
Probe 
Wavelength (nm) 
500 nm excitation 375 nm excitation 
450 0.12 ± 0.01 0.05 ± 0.01 
550 0.43 ± 0.04 -0.24 ± 0.02 
700 0.37 ± 0.02 -0.10 ± 0.01 
The anisotropy values at 700 and 550 nm reflect the orientation of the ESA transition 
dipole relative to the two initial excitations, as illustrated in Figure 5-10.  The anisotropy 
following 500-nm excitation indicates that the two transition dipoles are nearly parallel, but after 
relaxation from the higher excited state to S1 the two transition dipoles are nearly perpendicular 
following 375-nm excitation.  This is an important result for interpreting the PReP signals and to 
minimize the over subtraction in the PReP signals.  The strength of the GSB signal (~560 nm) is 
minimized when using a re-excitation wavelength at 400 nm at parallel polarization relative to 
pump1, because the anisotropy shows a negative value at 550 nm, thus only the molecules with 
oriented perpendicular transition dipoles have strong GSB signals after UV excitation.  By using  
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Figure 5-10:  State energy level diagrams showing that excitation with UV light will result in a 
negative anisotropy value at 550 nm and 700 nm because the GSB and ESA transition dipoles 
are nearly perpendicular for the initially excited state.  Excitation with visible light has positive 
anisotropy values for the GSB and ESA because the transition dipoles are parallel.   
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parallel 400 nm as the re-excitation pulse, the GSB signal will be small and thus leading to a 
smaller over subtraction in the PReP signal, which explains why the 500 nm/400 nm signal in 
Figure 5-4B decays to zero at 560 nm. 
Also, given the different anisotropies at 450 and 700 nm, the ESA bands at these 
wavelengths must represent two different electronic transitions from S1 to higher lying excited 
states of DMPT-PFCP, rather than a single, broad absorption band covering the entire visible 
region of the spectrum (Figure 5-1A).   
5.5 Discussion 
Probing the higher excited states after double excitation of DMPT-PFCP reveals an ESA 
near 590 nm that decays on ~100 fs for all repump wavelengths.  A similar absorption band at 
590 nm was previously observed after one-photon excitation with UV light, where the ESA also 
decayed on a ~100 fs timescale.9  Because one-photon excitation with UV light and secondary 
excitation with any wavelength shows the same ESA band around 590 nm, we suggest that the 
molecules are promoted to or quickly relax to the same higher excited state.9  The difference in 
the quantum yields between two- versus one-photon excitation, but the similar TA spectroscopy 
and lifetime of the higher excited state, suggests that the molecules must be on the same surface.  
However, the molecules must follow different reaction pathways because the initial motions on 
the higher excited state couple into the reaction channel differently.9 
The second time component from the global analysis is around ~ 1 ps and the amplitude 
of the ~ 1 ps DAS is greatest in the region of the ESA bands.  This DAS is similar to the 
spectrum associated with a ~3 ps process in the 500 nm PP, which we attributed to the molecules 
moving over the barrier on S1.
6  The similar spectra between the 500 nm PP and the PReP 
experiments suggest that they are the same excited-state species that are evolving over the S1 
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barrier.6  The faster ~1 ps time constant from the PReP experiments may indicate that the 
molecules are moving over the S1 barrier faster than with one-photon excitation.  After excitation 
to the higher excited state, the molecules may decay to S1 with enough excess vibrational energy 
to overcome the barrier quickly.  Our prior PP experiments showed that increasing the pump 
wavelength, even with UV light, never changed the rate over the barrier indicating that excess 
vibrational energy does not increase the rate over the barrier in the PReP measurement.9  
However, the barrier is suggested to decrease as the molecules move in an orthogonal torsional 
coordinate.16,17  If the molecules are decaying to a different region on the S1 surface where the 
barrier is lower than the molecules can quickly overcome the lower energy barrier.  This would 
also mean the molecules must be torsionally distorted after decaying from SN, which may give a 
more direct coupling of the excess energy into the reaction coordinate.   
The last time constant from the global analysis is ~7 ps.  The amplitude of the ~7 ps DAS 
is negative in the ESA region and positive in the GSB region.  The negative amplitude in the 
ESA region is from bleaching the S1 state.  This excited-state bleach (ESB) signal decreases on 
~7 ps, which is the lifetime of the S1 excited state following the initial excitation because 
molecules are less likely to be re-excited as the excited-state population decays.  ~7 ps is slightly 
faster than the ~9 ps excited-state lifetime obtained from PP,6 but if the re-excited molecules 
decay to a different region of S1 or with excess energy, then the relaxation rate could be higher.  
The interpretation of the positive signal in the GSB region is not straightforward because positive 
ΔΔAPReP signals in the GSB region could be a result of either a new ESA band, a time-dependent 
over subtraction, or from stimulating the molecules to the ground state.18  We rule out the 
possibility of stimulated emission because we see this positive signal when we re-excite at 800 
and 400 nm.  800 nm is not resonant with the GSA and there is no indication of a stimulated 
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emission band from our PP results.  Transitions from the relaxed S1 state (π*π*) to the ground 
state (ππ) are unlikely outside of the FC region because of the low oscillator strength.19  Also, 
stimulated emission with 400 nm is unlikely because stimulated emission is typically to the red 
of the GSA band.  Because we see the positive signal in the GSB region after secondary 
excitation at 800 nm and 800 nm is not resonant with the GSA, we can also rule out an over 
subtraction.  Therefore, we suggest that the positive signal in the GSB region after 800-nm re-
excitation is a new ESA signal from the molecules decaying to a new region on S1. 
PP anisotropy results after 375-nm excitation shows a negative anisotropy value at 700 
nm and a positive anisotropy value at 450 nm, which the different anisotropy values suggest 
transitions to different higher excited states.  If there are two ESA bands in Figure 5-1A, one on 
the higher-energy side and the other on the lower-energy side of the GSA spectrum, then upon 
re-excitation with 500 or 400 nm, we are promoting the molecules to the higher-energy excited 
state.  In contrast, upon re-excitation with 800 nm, the molecules are promoted to the lower-
energy excited state.  The molecules initially prepared on two different higher excited states 
explains why the PReP signal peaks at different Δt12 delays after 500- and 800-nm re-excitation. 
The action measurements give more insight in the cycloreversion reaction based on the 
delay in product enhancement from the ΔΔAPReP signals in Figure 5-2B.  Repumping the 
molecules from S1 at 500 nm promotes them to a higher excited state where the secondary 
excitation process does not change the yield outcome until the molecules have evolved over the 
barrier on S1.  The delay in waiting for the molecules to move over the barrier on S1 suggests that 
the higher PES accessed by 500 nm re-excitation also has a barrier.7,9  Our interpretation of the 
500 nm/500 nm action PReP result agrees with the computational results of Guillaumont and 
coworkers7 who find that the higher excited states along the C-C bond stretching coordinate have 
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barriers similar to S1.  Our experiments show a delay in the yield enhancement suggesting that 
the barrier on the higher excited state still inhibits the enhancement because the molecules still 
take too long to distribute their energy into the right mode to overcome the activated barrier 
before internal conversion (IC).  In contrast, re-excitation with 800 nm results in an immediate 
yield enhancement, which could mean either a barrierless excited state or a small barrier, as 
predicted by Guillaumont and coworkers.7 Re-excitation with 690 nm may promote the 
molecules into both higher excited states that we see from re-exciting with 500 or 800 nm, so a 
combination of signals from promotion to the two higher excited states are observed.  The 
wavelength-dependence with increasing energy of the secondary excitation to 400 nm is 
consistent with the molecules having excess energy to overcome the barrier on the higher excited 
state.  Such behavior would indicate efficient coupling of the initially excited vibrations of the 
higher excited state with the reaction coordinate. 
5.6 Conclusion 
The PReP experiments provide new information (more detail than standard PP) to 
describe how different regions of the excited-state PES affect the ring-opening reaction yield.  
Whether or not a barrier is involved on the higher excited states, the quantum yield is dependent 
on how the higher excited states couple to the reaction coordinate.  One-photon excitation to the 
higher excited states with UV light does not increase the quantum yield, which must be related to 
the initial FC region.  However, once the molecules have moved away from the initial FC region, 
they may be re-excited to enhance the reaction yield by distributing energy into the reaction-
promoting modes of the molecule.  Although, re-excitation with 500 nm does not effectively 
couple the energy into the modes responsible for the ring-opening process until the molecules are 
in the correct geometry.  This describes more information about the higher PES in that the higher 
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energy surfaces are more than just state selective, their role is also time dependent because of the 
dynamic energy changes occurring in the molecule as it evolves on S1.  Selecting, not just the 
appropriate excitation energy, but the appropriate delay time to put that energy into the molecule 
is the key result of this work.  These results will hopefully encourage more computational studies 
and difficult mode-selective experiments to explore how coupling the molecule in the first 
excited state to the higher excited states will change the outcome of the ring-opening reaction. 
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5.8 Appendix 
Table 5-2:  Time constants from global analysis on various PReP measurements. 
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Figure 5-11:  DAS from the majority of the various PReP measurements shown in Table 5-2 with 
their associated time constants 
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Table 5-3:  Time constants from global analysis for different pump-repump combinations.  The 
time constants are a weight-average of the different Δt12 delays for each pump-repump 
wavelength combinations.  Values are associated with an estimated two sigma standard 
deviation. 
 
 
  
Pump/Repump t1 (ps) t2 (ps) t3 (ps)
500 nm/800 nm 0.08 (.01) 1.4 (0.1) 7.0 (0.4)
500 nm/690 nm 0.09 (.01) 1.1 (.01) 7.3 (0.3)
500 nm/550 nm 0.18 (0.01) 1.0 (0.1) 7.3 (0.2)
500 nm/500 nm 0.16 (0.03) 1.1 (0.1) 7.0 (0.3)
500 nm/ 400 nm 0.11 (0.01) 1.1 (0.1) 7.0 (0.3)
400 nm/600 nm 0.12 (0.02) 0.6 (0.1) 6.5 (0.2)
Pump-Repump-Probe Weighted-Averaged Time Constants
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6 Chapter Six:  Temperature and Solvent Effects on the Cycloreversion Reaction of a 
Diarylethene Photoswitch 
6.1 Overview 
The investigation of the cycloreversion reaction after one-photon excitation of a 
diarylethene photoswitch reveals a temperature dependence of the quantum yield.  Three kinetic 
models are proposed to explain the source of the temperature dependence.  These models are 
based on computational and experimental results on other photoswitches suggesting that a barrier 
in the C-C bond stretching coordinate on the excited state affects the reaction pathway.  
Unfortunately, the three models result in two different conclusions about the role of the excited-
state barrier.  The barrier is either large enough to inhibit the molecules from reaching a conical 
intersection (CI) that leads to form product or the barrier does not play a significant role in the 
cycloreversion reaction because the quantum yield is entirely controlled by the branching at the 
CI.  However, we strongly favor two models in which the dynamics involve two distinguishable 
species on the excited state. Within the models, the cycloreversion reaction involves crossing an 
excited-state barrier prior to accessing the CI.  The majority of molecules return to the ground 
state of the closed-ring isomer, where there is a slower relaxation process.  Pump-probe 
experiments reveal a correlation between the rate of this slow relaxation process and the solvent 
viscosity.  The long-time component may involve a large-amplitude conformational relaxation to 
reach the lowest energy conformation.   
6.2 Introduction 
Diarylethenes (DAE) are a class of photochromic molecular switches that use light to 
reversibly convert between a closed-ring and an open-ring isomer.  The uses for DAE 
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compounds extend from molecular wires to optical memory devices.1  Heterocyclic DAE 
derivatives have been studied extensively for use in optical memory devices because of their 
thermal and photochemical stability.1  A lot of recent research has been focused on using 
sequential two-photon excitation to enhance the cycloreversion quantum yield of the DAE 
molecules to construct erasable memory devices.1-5  However, the fundamental one-photon 
induced reaction mechanism is still important to understand how the potential energy surface 
(PES) of the excited state regulates the cycloreversion reaction.   
Computational studies and temperature-dependent experiments on DAE compounds have 
shown that an activated barrier is involved in the ring-opening reaction.3,6,7  The barrier that is 
involved in the C-C bond stretching coordinate is suggested to reduce the cycloreversion 
quantum yield because the rate over the barrier is lower than a competing non-reactive pathway 
back to the ground state of the closed-ring isomer.7  Because of the excited-state barrier and the 
competing non-reactive pathway, one possible way to improve the cycloreversion quantum yield, 
for one-photon excitation, is to increase the rate over the excited-state barrier by increasing the 
excitation energy in order to deposit excess vibrational energy.  The quantum yield has been 
shown to increase with excitation energy for several molecular switches.8-10 
Despite rapid relaxation from the higher excited state to S1 following UV excitation, we 
reported for 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (DMPT-PFCP) in 
chapter 4 that increasing the excitation energy from the first to the second absorption band did 
not change the reaction rates, including the rate for overcoming the excited-state barrier.11  
However, Sumi el. al.12 reported that the one-photon quantum yield for DMPT-PFCP does 
increase with excitation energy from 1.5% at 620 nm to 2.6% at 480 nm.  To further explore the 
pump wavelength dependence of the quantum yield, we use transient absorption (TA) 
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measurements at multiple temperatures to determine the activation energy of the S1 barrier for 
DMPT-PFCP.  Specifically, we compare three different kinetic models in order to determine the 
cycloreversion reaction mechanism.  Along with exploring more details about the excited state, 
we re-examine the previously reported ~90 ps vibrational cooling on the ground state of the 
closed-ring isomer.13  Different solvents reveal that during this long time scale the molecules are 
undergoing a large-amplitude conformational change on the ground state.  
6.3 Experimental Details 
The transient absorption (TA) measurements use an ultrafast Ti:Sapphire laser (Legend 
Elite HE; Coherent) operating at 1 kHz.  We direct a fraction of the 800-nm laser fundamental 
into an optical parametric amplifier (TOPAS; Light Conversion) to produce 500-nm pump 
pulses.  For the pump-probe (PP) experiments, we attenuate the energy to ~6 µJ/pulse and focus 
the beam to a diameter of ~1 mm at the sample. Focusing a small portion of the 800-nm 
fundamental into a circularly translating CaF2 crystal produces white light continuum probe 
pulses covering the range 450-750 nm. Off-axis parabolic mirrors collimate and focus the probe 
light to a diameter of <100 µm at the sample, where it intersects the pump beam at a small angle. 
After passing through a 1-mm flow cell, a spectrograph disperses the probe light onto a 256-pixel 
silicon photodiode array for shot-to-shot detection. The TA signals are measured at parallel 
relative polarization of the pump and probe pulses due to the larger signal and the lack of an 
anisotropic change of the transient signal within the lifetime of the excited state.11 
1,2-bis-(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (DMPT-PFCP) (TCI 
America) was dissolved without further purification in cyclohexane (Sigma-Aldrich, 
spectrophotometric grade, >99%), chloroform (Sigma-Aldrich, spectrophotometric grade, 
>99.8%), or cyclohexanone (Acros, 99.8%).  Irradiating the solutions with 254-nm light from a 
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UV lamp converts a fraction of the DMPT-PFCP to the closed-ring isomer.  Some of the open-
ring isomers remain, but do not contribute to the TA signal because they are transparent above 
~350 nm. The absorbance of the closed-ring isomer in cyclohexane is 0.3 (579 nm), in 
chloroform is 0.4 (579 nm), and in cyclohexanone is 0.3 (579 nm).  The PP measurements in the 
three solvents were run at room temperature and with 500- and 375-nm excitation wavelengths. 
The temperature dependent measurements are run using cyclohexane as the solvent.  The 
temperature of the solution is controlled by immerging the reservoir in a water bath and using a 
thermocouple to measure the actual temperature of the solution at the flow cell because there is 
some heat loss as the solution travels from the immerged flask through the tubing and flow cell.   
The cycloreversion quantum yields at four different temperatures, using 500-nm laser 
light from the TOPAS described above, were measured by determining the number of molecules 
converted per number of photons absorbed.  This entailed two photodiodes that measured the 
transmitted and incident energies.12,14  The temperature of the sample solution is controlled using 
a temperature-controlled cuvette holder (Quantum Northwest) with a stir bar. The concentration 
of the closed-ring isomers in cyclohexane for the quantum yield measurements is 3.3 x 10-5 M. 
6.4 Results and Analysis 
6.4.1 Temperature Dependent Transient Absorption Measurements 
The evolution of the TA spectrum after 500-nm excitation of DMPT-PFCP in 
cyclohexane at 36.4⁰C is shown in Figure 6-1.  The PP results at 36.4⁰C are generally consistent 
with our prior PP results at room temperature.13  The positive signal is excited-state absorption 
(ESA) and the negative signal is ground-state bleach (GSB).  Using global analysis with a sum of 
three exponentials obtains three time constants of 4.3 ± 0.4, 7.1 ± 1.0, and 70 ± 14 at 36.4⁰C.  
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Figure 6-1:  Evolution of the transient absorption signal (1, 2, 5, 10, 25, 50, and 200 ps) after 
500-nm excitation of DMPT-PFCP at 36.4⁰C.  The static absorption spectrum of DMPT-PFCP is 
the black curve.   
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The TA measurements at 11 different temperatures ranging from 16 to 59⁰C give very 
similar results, although the longer time component increases with temperature.  The three time 
constants at each temperature obtained by global analysis are shown in Figure 6-2 and a 
complete list is shown in the appendix of this chapter.  The global analysis gives the decay 
associated spectra (DAS) shown in Figure 6-3.  Previous interpretations of the dynamics of 
DMPT-PFCP attribute the first time component (t1) to the evolution over the excited-state barrier 
and the second time component (t2) to the molecules moving to a conical intersection (CI), which 
funnels ~96 to 98% of the molecules to the ground state of the closed-ring isomer.  A third time 
component (t3) was assigned to vibrational cooling.
13  More rigorous models are proposed in this 
chapter using target analysis, which will be more specific in the current interpretations of the 
cycloreversion reaction on the excited state for DMPT-PFCP.13 
Even though the time constants on the excited state did not change with temperature, the 
cycloreversion quantum yield does have a small increase with temperature, as shown in Figure 
6-4.  The yields we measure are also comparable to the quantum yields Irie and coworkers 
determined for DMPT-PFCP at 22⁰C and 80⁰C.15   
6.4.2 Solvent-Dependence of the Cycloreversion Reaction in DMPT-PFCP 
The one-photon induced reaction of DMPT-PFCP in three different solvents is explored 
for any solvent effects in the cycloreversion reaction.  Table 6-1 shows the global analysis results 
for the three different solvents (chloroform, cyclohexane, and cyclohexanone).  There is a 
noticeable change in the third time component, although there may be a slight viscosity 
dependence on the first time constant.  The solvents are listed in the table in order of increasing 
viscosity to  
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Figure 6-2:  The three time constants determined from global analysis of the TA data at various 
temperatures.   
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Figure 6-3:  Decay associated spectra at various temperatures for 500-nm excitation.  The DAS 
show the amplitude associated with each time constant (listed in the appendix Table 6-2) from 
the global analysis.  A sum of three exponentials gives three amplitudes.  There is also an offset 
due to ~2 to 4% of the closed-ring isomers converting to the open form. 
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Figure 6-4:  Quantum yields of the cycloreversion reaction as a function of temperature for 500-
nm excitation of DMPT-PFCP in cyclohexane. 
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reflect the possible correlation with increasing viscosity and the decreasing time constant of the 
third component. 
Table 6-1:  Rate constants determined from a sum of three exponentials in a global analysis routine with three 
different solvents. 
 
a) From Ref. 13 
6.4.3 Kinetic Models 
Figure 6-5 shows three different models for the ring-opening reaction of DMPT-PFCP.  
The ring-opening reaction in model I is described by a single species on the excited state (species 
A) that decays either to the CI or directly to the hot ground state of the closed-ring isomer 
(species B).5,7,10,16  At the CI, the molecules very quickly can branch to either form product or 
form vibrationally hot closed-ring isomer (species B), which then relaxes to species C, which 
then cools to species D.  This CI is not optically observed because it is short lived, but the CI 
needs to be included into the model to give the two reaction channels the molecules take to form 
either species B or product.  There is no “cooling” component for the product because the 
product is also optically transparent in our probe window.  
The ring-opening reaction in model II also involves competing pathways on the excited-
state where species A can form either a vibrationally hot closed-ring isomer (species C) or form 
another excited-state species (species B).  Species B then relaxes to the ground state via the CI 
pump (nm) Solvent
Viscosity 
(cP @ 20⁰C) t1 (ps) t2 (ps) t3 (ps)
Chloroform 0.57 4.3 (0.3) 8.7 (2.4) 38 (6)
Cyclohexanea 1.00 3.8 (0.3) 8.6 (0.9) 90 (30)
Cyclohexanone 2.02 3.5 (0.2) 8.8 (0.8) 230 (90)
500
Pump-Probe solvent dependence on the time constants
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with a branching between product and vibrationally hot closed-ring isomer (species C).  Species 
C then relaxes to species D, which is the initial reactant so it has the same spectrum as the  
ground state absorption (GSA) spectrum.  Model III is almost the same as model II except 
without the direct AC relaxation channel.  In other words, all of species A will decay to 
species B before relaxing through the CI to either form product or to form vibrationally hot 
closed-ring isomer (species C), which cools to the original closed-ring state (species D).   
Models I and II have two branching points, species A and at the CI. We follow the 
assumption from Ishibashi and coworkers7 that the CI is the same for both cycloreversion and 
cyclization reactions, and we can calculate the branching ratio based on the cyclization quantum 
yield.  The open-ring isomer of DMPT-PFCP exists in two conformations and the NMR results 
show that only 52% of the open-ring isomers are in the reactive conformer that can undergo the 
cyclization reaction.15  The cyclization quantum yield is 46%, so 88% of the open-ring isomers 
move through the CI to the ground-state of the closed-ring isomer.7,15  Because the CI is 
suggested to control both electrocyclic reactions, only 12% of the closed-ring isomers can form 
product.6,7  Based on the cycloreversion quantum yield at every temperature measurement and 
the 88:12 branching ratio at the CI, the branching at species A can be determined at every 
temperature for models I and II.  Because there is only one branching point in model III, which is 
at the CI, the quantum yield is the branching ratio.  This means that for model III, the 
temperature dependence in the quantum yield is determined by the CI. 
Applying the three kinetic models to the TA measurements at each temperature and using 
the measured quantum yields to determine the branching ratio(s), gives the species associated 
spectra (SAS).17,18  Figure 6-6 shows the SAS from the application of each model to the PP 
results at 36.4⁰C.  For the complete list of time constants at every temperature measured for the  
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Figure 6-5:  Three kinetic models to describe the ring-opening reaction of DMPT-PFCP 
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Figure 6-6:  Kinetic Models I, II, and III and the associated species associated spectra (SAS).  
The thin purple line is the ground-state absorption spectrum. 
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three models see the last two tables in the chapter appendix.  The Arrhenius rate equation for 
each model gives the activation energy of the S1 barrier to be 4.7 ± 1.8 kJ/mol for models I and 
III and 18 ± 9 kJ/mol for model II with no barrier for the non-reactive pathway back to the 
ground state (AC).  The Arrhenius plots for the models are shown in the Figure 6-7. 
Figure 6-6I shows that the SAS for species A, obtained with model I, has a positive 
absorption band similar to the TA signals shown in Figure 6-1.  Species A decays with a 
combined time constant of ~4 ps to form either species B or product vis the CI.  Based on the 
2.6% quantum yield measured at 36.4⁰C and Ishibashi and coworkers’ assumption that the CI is 
the same for both electrocyclic reactions, 79% of species A decays to species B, while the other 
21% move towards the CI.7  At the CI, only 12% of the molecules form product while the rest 
decay to species B.  The SAS for species B is similar in shape to the GSA spectrum.  Typically 
in TA measurements, broadened and red-shifted absorption bands indicate a vibrationally excited 
species; therefore in model I the decay of species B is consistent with ground-state vibrational 
cooling.  Species B relaxes to species C, which then that continues to cool to species D. 
Figure 6-6II suggests that the SAS from both species A and species B contribute to the 
ESA bands in the TA measurements, obtained with kinetic model II, because these spectra are 
very different from the GSA.  Because the same assumption is used to describe the two 
branching points in model II as in model I, the rates and population branching are the same as 
model I.  The additional excited-state species, species B, is attributed to a relaxation through the 
CI in 7 ps.  Species C and D have the same spectral shape as the GSA spectrum; however, to 
describe a ground-state cooling component, species C is expected to be red shifted and broader, 
relative to the GSA.  Because the SAS for species C has the same shape as the initial reactant 
species, but with smaller amplitude, there may be another mechanism to describe the ~70 ps  
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Figure 6-7:  Arrhenius plots using the models in Figure 5-5 of the main text.  Model 1 will have 
the same rates as Model 2, just without the rate from CD 
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decay to species D. Solvent effects may reveal an alternative explanation, which will be 
discussed in the next section.   
Figure 6-6III shows the SAS from kinetic model III.  Model III assumes that 100% of the 
molecules move over the excited-state barrier to form species B, where species B then moves 
through the CI.  The CI branching is now entirely responsible for the quantum yield, so 2.6% of 
the molecules excited form product, while the rest decay to the vibrationally hot ground-state 
species C.  The SAS for species B has the same shape as the GSA spectrum, unlike in model II, 
but the SAS is slightly red-shifted and broader, consistent with species B relaxing on the ground 
state.   
6.5 Discussion 
Figure 6-8 presents a dynamic picture of the mechanism described by the three kinetic 
models.  Models I and II suggests that the cycloreversion quantum yield is determined by the 
competing pathways before the barrier on S1.  Using the Arrhenius equation with models I and II, 
the competing non-reactive pathway to the ground state (AC) has a larger rate than that of the 
molecules overcoming the barrier in the C-C bond stretching coordinate.  Models I and II also 
use the assumption that the CI and the branching at the CI is the same for both forward and 
reverse electrocyclic reactions.  This implies that at the very best, the quantum yield of the 
cycloreversion reaction on the S1 state can only be 12%.  However, it seems unlikely that the 
branching ratio at the CI is entirely independent of the energy distribution when the molecule 
approaches the CI from very different starting points.  Assuming the same branching ratio 
regardless of initial conditions undoubtedly is an over simplification.  Instead, at the other 
extreme, the mechanism described by model III suggests that the cycloreversion quantum yield is 
determined entirely by the branching at the CI.  The Arrhenius equation with model III indicates  
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Figure 6-8:  Three dynamic models to describe the kinetic rate models I, II, and III for the ring-
opening reaction of DMPT-PFCP. 
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that the barrier in the C-C bond stretching coordinate is very small, and will not affect the yield 
outcome of the cycloreversion reaction, so the branching at the CI has to be temperature 
dependent. 
The three proposed models describe species B as either being an excited-state species 
(models II and III) or a vibrationally hot ground-state species (model I), which are three different 
mechanisms to describe the cycloreversion reaction for DMPT-PFCP.  However, there are a few 
arguments to support that B is an excited-state species.  Applying the kinetic models to the TA 
signals in the near IR, all three models (Figure 6-9) recover two positive SAS of species A and 
species B, which they both absorb out to >950 nm.  DMPT-PFCP does not absorb above 700 nm, 
and vibrationally hot molecules on the ground state also would not absorb at wavelengths 
significantly longer than the equilibrated ground state unless there is substantial deviation from 
the equilibrium structure.  Therefore, if species B is a hot ground-state species, then species B 
should not contribute to the TA signals in the near IR region.  Also, the similarity of both TA 
bands in the NIR is consistent with two time scales associated with the same electronic state.  
Further supporting the possibility that there are two excited state species, time-resolved 
fluorescence (TRF) studies on a similar DAE compound, 1,2-bis(2-methyl-3-benzothienyl)-
perfluorocyclopentene (MBT-PFCP), revealed ~4 and ~20 ps components that were also 
observed in the TA measurements.19,20  TRF can only measure the evolution on the excited state, 
so vibrational cooling contributions from the ground state will not be detected. Therefore, the 
TRF of MBT-PFCP suggests the presence of two excited-state species.  Because of the structural 
similarities between MBT-PFCP and DMPT-PFCP, these results support our kinetic models II 
and III, both of which contain two distinct species in the excited-state, unlike model I, which has 
one species on the excited state and one species cooling on the ground state.  TRF measurements  
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Figure 6-9:  Species associated spectra in the near IR for the three different models. 
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showing biexponential kinetics for DMPT-PFCP would definitively rule out model I, which 
supports species B as a hot ground-state species. Based on the results presented above, we 
strongly suggest that models II and III accurately predict the cycloreversion dynamics of DMPT-
PFCP.  Also, our previous pump-repump-probe experiments suggested that we exclusively 
probed the population change of the second excited state species with time.13 
Even though the SAS for species B in model III has a similar absorption spectrum as the 
“hot” ground-state, the adiabatic curves, which more accurately describe the cycloreversion 
dynamics, could explain a similar absorption spectrum of ground and excited states.  The S1 
potentials drawn in Figure 6-8 represent adiabatic curves where the electronic structure of the 
ground state of the closed-ring isomer would extend to the excited state if there was not an 
avoided crossing between the large barrier on the ground state and the region after the barrier on 
the excited state.  Once the molecules have evolved over the barrier on S1, there is some shared 
electronic character with the ground state, and therefore species B may have a similar electronic 
configuration as the closed-ring ground-state, while still residing on the excited-state surface.  
This tenuous argument would explain the similar spectrum of species B with the GSA, as well as 
explain the absorption in the NIR, which can only occur from an excited-state species. 
6.5.1 Solvent Dependence 
The SAS for models II and III are spectrally similar to the GSA, which suggests that 
species C can be described as a ground-state species.  However, it does not exhibit a red-shifted 
or broader spectrum compared to the GSA, the key signatures for vibrational cooling, but the 
amplitude increases as species C decays to species D.  Changing the solvent can provide some 
insight about the nature of the ~70 ps component.  Solvent-solute interactions are critical for 
intermolecular energy transfer and changing the solvent to one that has a larger dielectric 
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constants (ϵ) should increase the rate of energy dissipation of DMPT-PFCP to the solvent.  
Because the SAS do not suggest vibrational cooling, we can change the solvent based on 
viscosity, which is useful to identify large-amplitude changes in DMPT-PFCP.21-24  We used 
three solvents of different dipole moments and viscosities to determine the nature of the slowest 
step:  Cyclohexane (ϵ=2.0) has a viscosity of 1.00 cP, chloroform (ϵ=4.8) has a viscosity of 0.57 
cP, and cyclohexanone (ϵ=18.1) has a viscosity of 2.02 cP.   
Because the rate of the third component decreases with increasing solvent viscosity, the 
third component may involve a large-amplitude conformational change in the molecule as it 
relaxes to the original closed-ring geometry.  The decay of species C to species D may involve a 
conformational change of the phenyl-thienyl group to overcome a barrier on the ground state, 
which the rate is affected by the frictional force from the solvent molecules.21-24  The correlation 
with rate and solvent viscosity was described by Kramers where the rate over the transition state 
is reduced because the solvent imposes a frictional drag force on the solute 23,25 Kramers’ model 
has been used for several large organic molecules, including stilbene, the simplest DAE 
molecule, to describe how the large-amplitude conformation in an isomerization process is 
slowed down with increasing solvent viscosity.21-24  Here, we are not describing the ~70 ps 
component as an isomerization process, but merely a large-amplitude motion of the phenyl-
thienyl units of DMPT-PFCP.  The motion back to form species D could involve a twisting of 
the phenyl ring relative to the thienyl ring or a sweeping motion of the phenyl-thienyl units 
relative to each other.  
However, looking into the anisotropy of the 375 nm pump probing at 550 nm, there is a 
clear decay of ~90 ps in the anisotropy that does not appear in the isotropic signal.  This would 
indicate the molecules on the ground state are a result of the molecules reorienting on the ground 
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state for the CD process even though a conformational changes on the ground state of the 
closed-ring isomer is expected since the calculated CI structure of the closed-ring isomer 
involves an inter-ring kink.6,13 
6.6 Conclusion 
The transient absorption measurements at various temperatures are measured to 
determine the complete cycloreversion pathway on the first excited state for a DAE derivative, 
DMPT-PFCP.  Our proposed three models describe the cycloreversion reaction outcome is 
determined either by a large activated barrier on S1 or by the CI.  Even though we cannot solely 
favor one model, we can argue strongly that there are two species involved on the excited state: 
one species is involved in overcoming the barrier and one decaying to the ground state via the 
CI. The third long-lived component on the ground state decreases with increasing solvent 
viscosity, which suggests a large-amplitude reorientational relaxation of the closed-ring isomers 
on the ground state.   
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6.8 Appendix 
Table 6-2:  Pump-probe results for DMPT-PFCP using a sum of three exponentials to obtain the 
three time constants at various temperatures in cyclohexane.  Four yields are measured.  Values 
are associated with an estimated two sigma standard deviation. 
 
 
 
 
 
 
 
 
 
 
 
Temperature (⁰C) t1 (ps) t2 t3 φ (%)
16 4.2 (0.2) 9.8 (0.6) 113 (21) 1.8 (0.2)
19 3.8 (0.2) 9.6 (0.6) 88 (16)
22.3 4.6 (0.3) 9.5 (0.9) 113 (23) 2.2 (0.6)
25.6 3.8 (0.3) 8.9 (0.8) 94 (23)
29.3 4.7 (0.2) 9.9 (1.5) 91 (23)
32.9 3.3 (0.2) 8.4 (0.6) 63 (14)
36.4 4.3 (0.4) 7.1 (1.0) 70 (14) 2.6 (0.3)
40.3 3.7 (0.2) 8.8 (1.0) 71 (15)
43.9 4.1 (0.2) 9.4 (1.3) 80 (19)
47.8 3.9 (0.4) 7.4 (1.3) 55 (13)
59 3.3 (0.2) 10.8 (2.4) 76 (27)
63 3.7 (0.5)
Pump-Probe Global analysis results with various temperatures
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Table 6-3:  Time constants from using the kinetic rates equations to derive model I and model II 
 
Table 6-4:  Time constants from using the kinetic rates equations to derive model III 
 
 
 
  
Temperature (⁰C) t'1 (ps) t''1 (ps) t2 (ps) t3 (ps)
16.0 32 (14) 5.5 (0.6) 12.3 (1.0) 625 (115)
19.0 27 (12) 5.1 (0.6) 12.0 (1.1) 470 (50)
22.3 27 (9) 5.9 (0.6) 10.6 (1.4) 234 (45)
25.6 22 (9) 5.0 (0.6) 9.9 (1.0) 187 (52)
29.3 24 (8) 5.8 (0.7) 10.3 (2.3) 126 (46)
32.9 17 (9) 4.5 (0.9) 9.1 (1.1) 81 (30)
36.4 21 (11) 5.6 (1.1) 7.5 (1.8) 79 (31)
40.3 16 (7) 4.8 (1.0) 8.5 (1.8) 50 (19)
43.9 16(5) 5.4 (0.7) 9.6 (2.0) 93 (31)
47.8 15 (11) 5.1 (1.8) 6.7 (2.1) 39 (16)
59.0 11 (6) 4.7 (1.4) 10 (5.8) 28 (17)
Temperature (⁰C) t1 (ps) t2 (ps) t3 (ps)
16.0 4.7 (0.3) 12.3 (1.0) 625 (115)
19.0 4.3 (0.3) 12.0 (1.1) 470 (50)
22.3 4.8 (0.3) 10.6 (1.4) 234 (45)
25.6 4.1 (0.3) 9.9 (1.0) 187 (52)
29.3 4.7 (0.3) 10.3 (2.3) 126 (46)
32.9 3.6 (0.4) 9.1 (1.1) 81 (30)
36.4 4.4 (0.5) 7.5 (1.8) 79 (31)
40.3 3.7 (0.4) 8.5 (1.8) 50 (19)
43.9 4.1 (0.3) 9.6 (2.0) 93 (31)
47.8 3.8 (0.7) 6.7 (2.1) 39 (16)
59.0 3.3 (0.5) 10 (5.8) 28 (17)
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7 Chapter Seven:  Other Diarylethene Derivatives 
7.1 Introduction 
Three diarylethene (DAE) derivatives (Figure 7-1) are compared using pump-probe (PP) 
spectroscopy to understand how structural differences affect the cycloreversion reaction. The 
baseline for our comparison is 1,2-bis(2,4-dimetheyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(1), which is the photoswitch focused on in the previous chapters in this dissertation.  The first 
DAE compound is 1,2-bis(2-methyl-3-benzothienyl)perfluorocyclopentene (2), which has 
benzothienyl instead of phenyl-thienyl side groups. The benzothienyl substitution eliminates 
rotation within the aryl side group in order to explore the role of torsional motion in the excited-
state dynamics of the cycloreversion reaction.   The other DAE compound studied is 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)cyclopentene (3), which has the same structure as 1, but with a 
hydrogenated cyclopentene bridge.  Replacing the fluorines changes the electronic structure of 
the excited state, which has been shown to decelerate the ring-closing reaction, but the reverse, 
ring-opening reaction has not been studied.1-3  
PP and time-resolved fluorescence (TRF) of 2 showed two time components of ~4 and 
~22 ps.4,5  The two time components in the fluorescence decay can both be attributed to the 
excited-state dynamics because TRF will only recover signals from the excited state.4  The 
interpretation of the ~22 ps component is the lifetime of the excited state, but the ~4 ps 
component was suggested to be a conformational change on S1.
4  Miyasaka and coworkers 
alternatively suggested that multiple states exist in close proximity to S1, in which case the ~4 ps 
is the relaxation of the molecules from an initial excited state to the S1 state.
5  Both the PP and 
TRF experiments also revealed an oscillation with a frequency around ~60 cm-1, which Shim and 
coworkers suggest is wavepacket motion on S1 due to an orthogonal vibration.
4  In addition to  
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Figure 7-1:  Structures of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (1), 
1,2-bis(2-methyl-3-benzothienyl)perfluorocyclopentene (2), and 1,2-bis(2,4-dimethyl-5-phenyl-
3-thienyl)cyclopentene (3). 
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the PP experiment, Miyasaka and coworkers also used a picosecond laser to enhance the 
cycloreversion yield of 2 using sequential two-photon excitation.  The one-photon quantum yield 
is 35% at 517 nm and the sequential two-photon excitation enhanced the yield to 100%.5-7 
This chapter will explore the cycloreversion reaction dynamics of 2 and 3 using PP.  Our 
PP measurements on 2 agree with the previous results except we report an additional vibrational 
cooling component on the ground state.  We use global and target analysis on 2 to further support 
our interpretation that the excited-state dynamics of 1 has two excited-state species involved in 
the cycloreversion reaction..8,9  An initial pump-repump-probe (PReP) experiment was attempted 
on 2, but further PReP experiments should be performed because a conclusion cannot be formed 
at this time.  The PP experiments on 3 show how important the fluorines are to the excited-state 
dynamics and the stability. 
7.2 Experimental 
Pump-probe (PP) and pump-repump-probe (PReP) experiments are performed as 
previously reported in chapters 3 through 6.  Excitation of 2 is at 550 nm and excitation of 3 is at 
500 and 360 nm. The pump pulse energies are 1.5 µJ (360 nm), 4 µJ (500 nm) and 15 (550 nm) 
µJ, and a spot size of 1 mm at the sample.  The PReP experiment on 2 used two separately 
generated 550 nm pulses at 6 and 14 µJ for the first and second excitation pulses, respectively.  
All PP and PReP experiments reported were performed with the probe, pump, and repump pulses 
at parallel polarization relative with each other. 
The samples consist of 1,2-bis(2-methyl-3-benzothienyl)perfluorocyclopentene (2; TCI 
America) and 1,2-bis(2,4-dimethyl-3-thienyl)cyclopentene (3), which was synthesized by Pavel 
Ryabchuk et. al. at the University of Kansas.2  The compounds are dissolved in cyclohexane 
(ACS reagent grade, Sigma-Aldrich).  Irradiating the samples with 254-nm light from a UV lamp 
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produces a photostationary state in which the closed-ring isomer has an absorbance value of 0.11 
at 517 nm for 2 and 0.13 at 494 nm for 3. The solutions are flowed continuously through a 
cuvette with path length of 1 mm in order to refresh the sample between laser shots. 
7.3 Results and Analysis 
7.3.1 Static Absorption Spectra 
Figure 7-2 shows the absorption spectra of all three DAE derivatives, 1, 2, and 3.  1 is the 
furthest to the red because the lowest unoccupied molecular orbital (LUMO) is stabilized by 
adding the fluorines to the cyclopentene bridge.1  The visible absorption band for the non-
fluorinated compound 3 has a tail that extends to 800 nm, whereas 1 has a very symmetric visible 
absorption band.  The tail in 3 is most likely due to photoproduct contamination because the 
hydrogenated analog is expected to have a lower photostability than 1.10  The visible band for 2 
is in between 1 and 3, but the second absorption band is red shifted compared to 1 and 3.  There 
also is a third UV absorption band around 350 nm for 2, which is distinct from the absorption of 
the open-form.4   
7.3.2 MBT-PFCP 
The transient absorption (TA) spectra after 550-nm excitation of 2 are shown in Figure 
7-3A.  Figure 7-3A is the result of two independent measurements to obtain the transient 
spectrum over the entire range from <400 nm to ~800 nm.  Just like the PP results for 1, there is 
a broad excited-state absorption (ESA) from the UV to the red with an overlapping ground-state 
bleach (GSB) centered at ~500 nm.8,9  However, unlike 1, there is a very narrow peak at 710 nm 
that has a very large ESA signal.  The peak is very characteristic of the S1 absorption for various 
aryl-thiophene molecules.11,12  We use a Gaussian function to fit the peak at 710 nm to see how  
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Figure 7-2:  Absorption spectra of the closed-ring isomers of DMPT-PFCP (1), MBT-PFCP (2), 
and DMPT-CP (3) in cyclohexane. 
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Figure 7-3:  A) Transient absorption spectra after 550 nm excitation of MBT-PFCP.  This 
spectrum is formed from two separate PP measurements where the 600-800 nm region was 
multiplied by 0.27 in order to match the absorption signals on the blue side.  B)  Decay 
associated spectra of the three time components and the offset due to conversion. 
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the spectrum is evolving with time.  Even though the peak at 710 nm is more Lorenzian, the 
Gaussian will still recover shifting and the amplitude of the peak.  Fitting the peak at 710 nm 
with a Gaussian function at every time delay shows a very fast ~100 fs rise with a ~3 nm red 
shift, followed by a narrowing and blue shift on ~7 ps (Figure 7-4).   
Global analysis of the two TA measurements is performed for 2 using a sum of three 
exponentials.  Figure 7-3B shows the decay associated spectra (DAS) with the associated time 
constants, 2.6 ± 0.3 ps, 22 ± 2 ps, and 105 ± 12 ps.  The global fit for the third time component 
was only obtained by fitting in the <400-700 nm region because there is a shifting component at 
710 nm that was interfering with the third time component.  Adding a fourth time constant is also 
problematic most likely because the shifting is occurring at a similar rate as the ~3 or ~22 ps 
component.   
The ~7 ps shifting is not observed in the global fits, but it could be wavelength dependent 
if one of the three time constants reported from the global fits is from vibrational cooling.  
Vibrational cooling rates vary with wavelength and global analysis does not reveal wavelength 
dependent time components.  Instead, the global fits will find an averaged time constant that fits 
all the wavelengths the best, so ~7 ps could be a wavelength dependent time constant.  Looking 
at the single wavelength fits in Figure 7-5A at 707 nm, the isotropy signal has similar time 
constants from the global analysis (Figure 7-3B).  However, the calculated anisotropy seems to 
have a ~5 ps decay.  The anisotropy should only show re-orientational effects whereas the 
isotropic signals probes population changes independent of the orientation of the transition 
dipoles.  Integrating the region between 675 and 750 nm should only recover the time 
components responsible for population changes that are due to electronic state changes and not 
any vibrational cooling components.  This integrated signal again shows the ~3 and ~25 ps  
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Figure 7-4:  A) The Gaussian amplitude of the peak at 710 nm changing with time.  The 
oscillations are laser instability.  B) Peak at 710 nm shifting with the probe delay with a bi-
exponential fit.  C)  Peak at 710 nm narrowing with the probe delay with a single exponential fit. 
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Figure 7-5:  A) Probing, at 707 nm, MBT-PFCP after 550 nm pump.  The anisotropic and 
isotropic signals are calculated from the parallel and perpendicular signals.  B)  The global 
analysis results from the calculated isotropic signal. 
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components.  Most likely the shifting in Figure 7-4 could really be bi-exponential with ~3 and 
~23 ps components that the fits were unable to extract due to weaker single to noise than in the 
TA signal.  However, the anisotropy with the integrated signal suggests that the shift may be 
caused by structural changes of the molecules on S1.  What is interesting is the anisotropy 
probing the bleach region did not fit to the 105 ps component like 1 does, which indicates the 
third component involves the molecules reorienting on the ground state. 
We use a kinetic model to fit the TA data of 2 and we further restrict the fit using the 
quantum yield and the CI branching ratio that was determined by Ishibashi and coworkers.13  The 
kinetic models that best describe the dynamics of 2 would be models II and III from chapter 6, 
because the TRF experiments showed two excited-state species,4 thus ruling out model I 
presented in chapter 6.  Using the two kinetic models, we obtain the species associated spectra 
(SAS) for 2.4,14  Figure 7-6 shows two SAS with narrow peaks at 710 nm regardless of the 
model.  The ~3 ps component absorbs across the whole spectrum and the ~22 ps component is 
zero around 490 nm.  There also may be a negative signal beyond 750 nm, which may be 
stimulated emission, which the stimulation band for 2 has not been recorded for longer 
wavelengths >800 nm. 
MBT-PFCP Pump-Repump-Probe 
A PReP action measurement involves fixing the delay between the first pump (550 nm) 
and the probe (Δt1), so that only the bleach signal remains, and delaying the second pump (550 
nm) relative to the first pump (Δt12).  The action measurement will show how the reaction 
outcome is affected by the second pump pulse as a function of delay between the two excitation 
pulses.  An initial PReP action measurement on 2 was attempted and the PReP signal does not 
change with Δt12.  It should be noted that because of the higher one-photon and sequential two-
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photon cycloreversion yields for MBT-PFCP, a UV light should continuously irradiate the 
solution during the scan, because the population change is noticeable when this PReP 
measurement was done.5,6  The 550 nm excitation followed with 550 nm excitation should be re- 
 
 
 
 
Figure 7-6:  Species associated spectra of MBT-PFCP for two kinetic models shown in the 
figure. 
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run for comparison with DMPT-PFCP, but 550 nm followed with 710 nm would be an  
interesting experiment to see how excitation to the large absorbing 710-nm band in Figure 
7-3affects the reaction outcome. 
7.3.3 DMPT-CP 
The TA spectra after 500-nm excitation of 3 are shown in Figure 7-7A.  There is a broad 
excited-state absorption (ESA) band across the probe window.  The ground-state bleach (GSB) 
signal is not as strong as 1.8  Global analysis with a sum of two exponentials fit the data best.  
This is unlike 1, which fits to three exponentials for >1 ps delays.8  The DAS are shown in 
Figure 7-7C with the corresponding time constants, 2.9 ± 1.4 ps and 35 ± 3 ps.  The TA spectra 
after 360-nm excitation are shown in Figure 7-7B.  Global analysis with a sum of three 
exponentials gives the DAS in Figure 7-7D.  After 360-nm excitation, there are three time 
constants of 2.6 ± 1.0, 29 ± 8, and 175 ± 77 ps.  Figure 7-7 is the first known TA measurement 
for the cycloreversion reaction of a non-fluorinated cycloalkene bridge on a DAE molecule  
The TA spectra in Figure 7-7B suggest there are some faster dynamics, ~100 fs, which 
could be the molecules decaying from an initially prepared SN state to the S1 state.  Figure 7-8 
shows the DAS including this fourth time component.  However, the experiment was performed 
using a flow cell with uncompressed pulses, so the DAS for the ~100 fs component amplitude 
may be overestimated.   
Unfortunately, the static absorption spectrum of the sample suggests that there may have 
been some photoproduct contamination, as indicated in Figure 7-9 where there is a tail on the 
visible band of the closed-ring isomer and absorption beyond 600 nm for the open-ring isomer.  
Photoproduct contamination is further confirmed when trying to convert the solution from the 
closed-form to the open-form with UV light, and instead of a colorless solution, we see a yellow,   
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Figure 7-7:  A)  TA of DMPT-CP after 500 nm.  B)  TA of DMPT-CP after 360 nm.  C)  Decay 
associated spectra after 500 nm excitation.  D)  Decay associated spectra after 360 nm excitation. 
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Figure 7-8:  Decay associated spectra of DMPT-CP after 360 nm excitation that includes a ~100 
fs component. 
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cloudy solution.  Zheldakov et al. reported the UV-Vis spectra of the open- and closed-ring 
isomers of 3 where there was no absorption above 330 nm in the open-ring isomer and the 
closed-ring isomer had a symmetric visible absorption band that was zero by 610 nm.2  We can 
rule out signals from the open-form by comparing the TA results in Figure 7-7 to Zheldakov et 
al., but the TA spectra of the photoproduct is unknown.2  Based on the absorption spectrum taken 
before the experiment, the signals are most likely from the closed-ring isomer due to the low 
absorbance of the photoproduct, but of course the TA spectra should be reproduced with fresh 
sample.  
7.4 Discussion 
7.4.1 MBT-PFCP 
Figure 7-4A shows that after 550-nm excitation of 2, there is a ~150 fs rising component 
for the peak at 710 nm, which could be from the evolution out of the Franck-Condon (FC) 
region.  The movement away from the FC region has been expected to occur in DAE 
photoswitches with a sub-100 fs time scale based on the experiments for 1,3-cyclohexadiene, the 
underlying motif for DAE molecules.15  The DAS from the global analysis of 2 are similar to the 
DAS for 1, shown in chapter 4 Figure 4-6.8  Both 1 and 2 have a fast ~3 ps time component with 
a positive DAS from UV to NIR, the DAS for the longer time component is positive to the 
higher and lower energy sides of the GSA and a negative signal in the GSA.  There is also a low-
amplitude DAS that is negative in the GSA.  Because of the similar DAS, the mechanism of the 
cycloreversion reaction is suggested to be the same for 2 as we reported for 1.  2 shows a very 
high absorbing and narrow band at 710 nm, but 1 may also have that same feature but is further 
into the NIR where our silicon detector cuts off (see Figure 4-2 in chapter 4).  The ~4 and ~22 ps  
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Figure 7-9:  Static absorption spectra of DMPT-CP in the closed-form (blue) and the open-form 
(red).  The UV-Vis spectra indicate contamination with a photoproduct. 
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components from TRF of 2 further supports that the ~3 and ~22 ps time components found in our 
TA measurements of 2 are motions on the excited state.4  Because the DAS of 2 are similar to 1, 
we use the TRF results from 2 to support our claim in chapter 6 that the cycloreversion reaction 
for 1 involves two species on the excited state.4 
However, unlike the results from 1, the two SAS from the two models (Figure 7-6) are 
basically the same and unfortunately we cannot favor one model over the other.  DAE 2 has two 
components in the excited state and the SAS of species A and B are positive signals similar to 
the TA spectra.  This helps to confirm our interpretations of the SAS when assigning the SAS to 
components on the excited state versus the ground state.  The SAS in the NIR for 2 are similar to 
1 (Figure 6-9), which further supports that 1 has two components attributing to the excited-state 
dynamics. Lastly, species C in Figure 7-6 has the same spectral shape as the ground-state 
absorption band indicating a ground-state species. 
7.4.2 MBT-PFCP 
Assuming the transient spectra in Figure 7-7 are from the closed-ring isomer of 3 and not 
the photoproduct, the DAS for the two time components of 3 are similar to 1 (see Figure 4-6 in 
chapter 4) except the amplitudes of the DAS are switched.  The ~3 ps component in 3 has a 
lower amplitude in the ESA region and is negative in the GSB region, whereas the ~3 ps DAS 
for 1 has a large amplitude in the ESA and is positive across the spectrum.  The ~35 ps DAS in 3 
is positive across the whole spectrum whereas the ~9 ps DAS in 1 is lower in amplitude and goes 
negative in the GSB region.  The dynamics of 3 are most likely the same as 1, but applying 
kinetic models to the data needs to be done to confirm this because the assignments of the time 
constants may be switched in 3.  What is interesting is the negative ~3 ps DAS component at 550 
 
231 
 
nm for 3 is red shifted from the ground-state absorption, which could indicate stimulated 
emission that is decaying on ~3 ps.  After the evolution over the barrier the molecules decay 
from S1 in ~35 ps.  The global analysis for 3 did not reveal a third time component analogous to 
the ~90 ps component we see in 1.  The amplitude of the third time constant may be weaker or 
the conformational dynamics in the ground state may be different.  The pump scatter at the 
center of the bleach region may interfere with resolving the low-amplitude component signal.   
The PP with 360-nm excitation had a fast ~100 fs component in the DAS in Figure 7-8, 
but the other two time components from 500-nm excitation are also apparent in the DAS.  UV 
excitation of 3 most likely is promoting the molecules to a higher excited state that has a 100 fs 
lifetime, which the molecules relax to S1 and follow the same reaction pathway on S1 as 500-nm 
excitation.  Similar to the TA results for 1, UV excitation initially prepares the molecules on a 
higher excited state that quickly relaxes to S1 and follows the same reaction pathway as visible 
excitation.9  A difference between 500-nm and 360-nm excitation of 3 is the 2.6 ps DAS does not 
have a rising component in the bleach region after 360-nm excitation.  The lack of a rising 2.6 ps 
component may be because the GSB signal is weaker due to the molecules having a favorable 
perpendicular transition with UV excitation, which is similar to what we see in 1.16  After 360-
nm excitation, there is an addition 175 ps.  The long decaying component, with a peak at 566 nm, 
is most likely due to photoproduct contamination. 
7.5 Conclusions and Future Directions 
By changing substituents on the thiophene moiety in DAE compounds, we can start to 
explore how the dynamics and the yield are affected.17-19 The addition of a methyl group to the 4 
position of the thiophene group for phenylthiophene significantly increases the intersystem 
crossing (ISC) rate because the molecule becomes more planar in the excited state.11  Relating 
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this to DAE compounds, we can begin by removing the methyl group at the 4 position of the 
thiophene moiety in 1 to make 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(MPT-PFCP), which was reported to have an excited-state lifetime of 10 ± 2.0 ps.20  Comparing 
the 10 ps from MPT-PFCP to the 8.6 ps from 1 suggests that the rate through the CI increased 
with the addition of the methyl group to the 4 position of the thiophene group.  Although, the 
time constants are within uncertainty of each other so the affect may be insignificant. Applying 
this idea to more DAE systems, we found that the rate through the CI probably does not have 
anything to do with the planarity of the molecule, but is related to the S1/S0 energy gap (Table 7-
1). 
Table 7-1: Table of time constants for various diarylethene derivatives and their cycloreversion quantum yield. 
Unfortunately, a shorter time component was not reported for MPT-PFCP. 
 
Table 7-1 is a summary of the cycloreversion time constants and the quantum yields for 
various DAE derivatives.  The three DAE compounds presented here, 1, 2, and 3 have shown 
similar cycloreversion dynamics on S1.  The first time constants (τ1) are about the same for all 
three compounds, but the second time constant (τ2) is different for all three.  Compounds 2 and 3 
have longer excited-state lifetimes compared to 1, although this can be attributed to the S1/S0 
energy gap.1   
Several experiments should follow these preliminary results.  Excitation to the other 
absorption bands of 2 should be studied to see how excitation to the higher excited states affects 
the reaction dynamics.  These should be compared with 1, especially because there is an 
Diarylethenes τ1 (ps) τ2 (ps) τ3 (ps) QY (%) λmax (nm)
DMPT-PFCP 3.8 (0.3) 8.6 (0.9) 90 (30) 1.9 567
MPT-PFCP20 10.6 (2) 1.3
MBT-PFCP 2.6 (0.3) 22 (2) 105 (12) 35 14 520
DMPT-CP 2.9 (1.4) 35 (3) ?? 490
One-Photon Visible Excitation of Various Diarylethene Derivatives
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additional UV band in 2.   Anisotropy measurements of 2 for UV and visible excitation should 
also be performed using the Wollaston prism.  TD-DFT calculations of the absorption bands of 2 
should be done to see what these transitions are.  Also, there may be a stimulated emission band 
in the 800 nm to NIR region of 2, which stimulated emission was not observed with 1, at least in 
the spectral regions we have reported.  A stimulated emission band could lead to a pump-dump-
probe experiment as another point of reference for the excited-state dynamics by probing the 
individual species on the excited state.  The PReP action experiment should be re-run because 
Irie et. al.5 reported a 100% yield enhancement with the picosecond laser, so maybe we will 
resolve a new sub-ps component, most likely on ~3 ps.  Looking at the cyclization reaction of 2 
might also be interesting to compare with the phenylthiophene results.11  For 3, the TA 
measurements need to be re-run on fresh sample and the cyclization quantum yield should be 
determined so that the kinetic models proposed in chapter 6 can be applied to determine the 
dynamics of 3.  
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8 Chapter Eight:  Conclusions 
The purpose of this dissertation was to describe the efforts made towards understanding 
the cycloreversion reaction dynamics of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-
perfluorocyclopentene (DMPT-PFCP) by demonstrating how sequential two-photon excitation 
can be used to control the yield enhancement of the cycloreversion reaction.  Previously, non-
selective sequential two-photon excitation measurements with few ps-pulses demonstrated a 
large increase in the quantum yield of DMPT-PFCP and other DAE molecules.1  These 
measurements addressed the applicability of using ps-laser pulses to make write-read-erase 
devices from DAE materials, but only offered a vague explanation regarding the role that the 
higher excited states served in enhancing the reaction yield.  The results discussed in this 
dissertation not only reveal new insight into the low one-photon cycloreversion quantum yield, 
but use fs-laser pulses to map the higher excited states for better control and understanding of the 
cycloreversion dynamics. 
The pump-probe (PP) experiments in this dissertation reveal two time components for the 
excited-state dynamics of DMPT-PFCP, which involve the closed-ring isomers overcoming an 
excited-state barrier in the C-C bond stretching coordinate and a torsional motion towards the 
conical intersection (CI), where the CI funnels only 2% of the molecules to the ground state of 
the open-ring isomers.2  The pump-repump-probe (PReP) experiments using successive 500-nm 
pump pulses further confirmed our PP results by resolving a delay in the yield enhancement due 
to the excited-state barrier.  The PReP experiment revealed that secondary excitation is not 
effective at enhancing the yield until the molecules have overcome the excited-sate barrier.  A 
delay in the yield enhancement, revealed by the timing between the two pump pulses, was a 
novel result that had not been temporally resolved in the prior ps-pulse experiments.3,4 
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After initially exciting with 500 nm, it was discovered that re-excitation at 800 nm results 
in immediate product enhancement with virtually no time delay between the excitation pulses.  
The quantum yield after secondary excitation at 800 nm is three times larger than the one-photon 
quantum yield, and was nearly independent of the delay between the two excitation pulses, 
except in the sub-200 fs region where the yield approaches the one-photon quantum yield.  We 
attribute the sub-200 fs delay in enhancement to the molecules moving out of the initial Franck-
Condon (FC) region through an avoided crossing along the adiabatic PES where the electronic 
character changes.5,6  Once the molecules reach a region of the electronic surface with the 
different electronic configuration, using 800-nm to re-excite the molecules to a higher excited 
state enhanced the cycloreversion reaction yield.  One photon of equivalent energy did not 
enhance the reaction yield because the higher excited state does not couple with the reaction 
coordinate until the molecules are in the correct electronic configuration on S1, and then 
followed by secondary excitation.  Resonance Raman (RR) would be a complementary technique 
that would explore the initial FC regions after visible and UV excitation.  Comparing the RR 
results with femtosecond stimulated Raman spectroscopy could determine which vibrational 
modes enhance the yield following secondary excitation. 
PP measurements with UV excitation revealed a positive anisotropy value probing the 
higher-energy excited-state absorption (ESA) region and a negative anisotropy value in the 
lower-energy ESA region.  The difference in the anisotropy values between these two ESA 
regions further supports that re-excitation with NIR or UV/visible light promotes the molecules 
to different higher excited states.  Our PReP experiments suggested that promoting the molecules 
to one of two distinct higher excited states results in a different yield outcome dependent on the 
secondary excitation delay.  When accessing the lower-energy ESA region, there was no delay in 
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the yield enhancement which suggested that the S1 surface couples directly with the ring-opening 
coordinate on the higher excited state.  However, re-excitation to the higher-energy ESA region 
did not immediately enhance the reaction yield because the coupling to the ring-opening 
coordinate does not occur until after the molecules evolve over the activated barrier on S1. 
The activated barrier on the first excited state was further studied by running PP 
experiments at various temperatures.  The quantum yield was shown to be temperature 
dependent, confirming that the excited-state barrier is an activated process. Two kinetic models 
involving two species on the excited state were proposed to explain the temperature-dependent 
reaction yield.  The first model proposed that the S1 barrier controls the low quantum yield 
because of a competing barrierless deactivation pathway back to the ground state.  In the other 
model, the S1 barrier does not play a significant role in determining the one-photon quantum 
yield.  Instead, the second model suggests that the reaction yield is determined by the CI.  
Further vibrational experiments, such as femtosecond stimulated Raman spectroscopy are needed 
to establish which of the two models most accurately represents the excited-state dynamics.  
Also, a PReP experiment using an IR pump followed a visible re-pump could be employed to 
determine which ground state vibrational modes effectively couple to the ring-opening reaction 
coordinate on the S1 state.
7   
Additionally, PP experiments on DMPT-PFCP showed that the excited-state dynamics 
were not solvent dependent.  However, the ground-state dynamics correlated with solvent 
viscosity, which may be a result from the reorientation of the molecules on the ground state.  
Additional studies on other related DAE compounds in various solvents and measuring the 
anisotropy would determine which motion is involved on the ground state.  A PP study including 
two structurally different DAE derivatives were compared to DMPT-PFCP.  The rate over the 
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barrier was consistent among all three DAE compounds, but the rate to the CI decreased as the 
energy difference between S1 and S0 increased. 
This dissertation explored the fundamental reaction dynamics of the cycloreversion 
reaction of DMPT-PFCP using one- and two-photon excitation processes.  These results can be 
further applied to other diarylethene derivatives that have favorable properties for data storage 
applications, and studies in the solid phase would further support the efforts to make 
optoelectronic devices using DAE compounds.  Vibrational studies on the ground and the excited 
states will give insights into the specific modes important for the reaction, which can be used to 
further manipulate the cycloreversion reaction. 
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